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Abstract
Fabrication of ordered arrays of metal nanoparticles on silicon (Si) substrates is of
significance for both fundamental science associated with low-dimensional physics
and technical applications. The application of functional nanostructures strongly
depends on their assembly in ordered one- or two- dimensional arrangements. These
arrangements may play an important role in fabricating ordered arrays of
semiconductor/oxide nanowires. Up-to-date lithography is the major workhorse of
generating periodic arrays of nanostructures. Nonetheless, the lithographic
techniques are fairly expensive, complicated, and time-consuming, especially for
generation of patterns over large length scales. In this regard, this thesis examines a
new bottom-up nanofabrication technique in which gold (Au) nanoclusters self-
assemble into periodic patterns on Si substrates produced by ion implantation
followed by high temperature treatment.
Au implantation in Si has been a topic of great interest from both fundamental and
applied perspectives. Ion implantation is a versatile technique due to its ability to
form surface-embedded nanoparticles that provide better adhesion. Also, being an
integral part of the substrate lattice, the nanoclusters produced by ion implantation
are free from impurities and their size distribution can be controlled by carefully
optimizing the beam parameters. During our experiments to produce nanoclusters of
Au on Si for use as seeds for the growth of nanowires, we stumbled across this
unusual pattern formation process under specific conditions. This unique self-
assembly process is observed only within a critical threshold implantation dose and
above a threshold annealing temperature. This thesis discusses a systematic study
performed to understand the temperature and time dependent nucleation, growth of
Au nanoclusters and evolution of the self-assembled patterns.
A growth model is proposed to show the re-crystallization behaviour of Au
supersaturated amorphous silicon (a-Si) on (100) Si substrate. The complex diffusion
of Au in the supersaturated a-Si/Au alloy layer is studied by in-situ annealing in a
transmission electron microscope. It is proposed that the supersaturated a-Si/Au alloy
crystallizes via liquid phase epitaxial growth and Au diffuses out to getter/precipitate
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at the crystallized Si surface. The correlation between the temperature required for
crystallization in a furnace and the heat treatment in a microscope is also
demonstrated. The birth and early growth stages of the self-assembled Au
nanocluster patterns are studied by rapid heating/freezing cycles. It is shown that
melting of the implanted layer is essential and without which no spiral patterns are
observed. The study shows a spontaneous growth of Au nanoclusters of three
different size distributions in Si during the rapid solidification of the molten a-Si/Au
alloy layer.
The observed self-assembled periodic patterns of Au nanoclusters bear resemblance
to the Liesegang ring structures prevalent in chemical reaction-diffusion systems.
Based on this systematic study of the growth and morphology of Au nanoclusters, a
tentative growth mechanism has been proposed for the formation mechanism of this
unusual self-assembled pattern. The pattern formation of this non-equilibrium
process is expected to originate due to instabilities of the three scales of Au
nanoclusters at elevated temperatures. The kinetics of pattern formation from a
supersaturated solid solution (a-Si/Au alloy) is demonstrated using numerical
solutions obtained by a two-dimensional growth model, which takes into account the
nucleation, diffusion and the aggregation process. The growth model discusses the
temperature dependent diffusion process involved in surface distributions of the Au
nanoparticles and their instability after annealing. The model also briefly discusses
the possible reason for a spiral growth. This initial theoretical investigation also
shows that numerical solution of the diffusion equations appear to be in good
agreement with the experimental results.
The implications of these results for studying other simple low-eutectic binary
systems are also discussed. A better understanding of this self-assembly process will
open up new ways to fabricate ordered arrays of metallic nanoclusters in Si
substrates for seeding selective growth of one-dimensional nanostructures. Compared
to existing nanofabrication techniques, patterning based on reaction-diffusion
processes may offer a single step approach with improved control of microstructures
at varying length scales. The potential of using such reaction-diffusion instability for
patterning of materials has not been explored yet.
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1Chapter 1
Introduction and Background
This chapter starts with an introduction to nanotechnology, followed by the
background and motivation of this research in sections 1.2 and 1.3 respectively.
Section 1.3 also outlines the contents of this thesis. Section 1.4 provides an
introduction to nanofabrication and outlines several conventional and unconventional
pattern formation techniques. The various methods of the “top-down” and “bottom-
up” surface patterning tools are discussed in more detail in sections 1.5 and 1.6,
followed by a summary of this chapter.
21.1 Introduction to Nanotechnology
It is quite remarkable and very exciting that today we have a technology named
nanotechnology that involves manipulation of the ultimate building blocks of
ordinary matter: single atoms and molecules. Although the term nanotechnology has
only entered into the vocabulary recently, it was used at least as early as 1970’s to
refer to manufacturing with dimensions in the range of 0.1 – 100 nanometer (1
nanometer is 10-9 meter). A typical atom is 1/5 of a nanometer and by comparison, a
human hair is massive – 100,000 nm. Figure 1.1 shows the scale of some common
substances and the progress in miniaturization.
The birth of nanotechnology track back to 1959 when Richard P. Feynman, a
visionary physicist from the California Institute of Technology, mentioned “There’s
Plenty of Room at the Bottom” and talked about a future [1] in which superior
mechanical, electronic and biological systems might be created by manipulating
materials at the atomic scale. Feynman correctly identified the seeds of powerful
trend that during the next 40 years helped scientists launch the field of electronics,
the internet, genetics, and biotechnology and enabled many of the everyday objects
we use today – all through improving control of materials at the microscale. For
instance, since the invention of the integrated circuit nearly 50 years ago, there has
been an exponential growth in the number of transistors per chip and an associated
decrease in the smallest width of the wires in the electronic circuits. A modern
computer chip contains more than 40 million transistors, and the smallest wire width
is incredibly small and in the sub 100 nm range.
A general interest in nanoscale materials stems from the fact that new properties are
acquired at this length scale. The science that governs nanoscale materials is truly
fascinating. The materials at the nanometer scale exhibit properties that are very
different from their bulk counterparts. Physically speaking, materials in this size
exhibit behaviour somewhere between atomistic properties and the extended states of
the bulk. For example, bulk silicon is an indirect bandgap semiconductor and not
directly suited for optoelectronics. However a major change in emphasis was brought
about in 1990 by the discovery of porous silicon; a sponge-like structure containing
5nm silicon crystallites exhibited a strong visible luminescence at room temperature
3[2]. The properties of nanomaterials are in general strongly influenced by their size
[3-7], shape [8,9], and surface composition [10-13].
Figure 1.1: Diagram representing the scale of various naturally occurring and
manmade objects and the progress in miniaturization.
Two major effects are responsible for the morphological variations in the properties
of nanomaterials. Firstly, in the nanostructures the number of surface atoms is a large
fraction of the total volume. Second, the fundamental properties of the interior of the
nanostructures are transformed by quantum sized effects [14]. However the change
in the properties at this length scale is not just a result of scaling factor, but results
from different causes for different materials. Some of the vivid characteristics of the
nanomaterials have been observed and used since the 17th century, but not
understood. For example, gold particles giving rise to brilliant rose color have been
4used throughout Europe in stained glass windows of cathedrals and by the Chinese in
coloring vases and other ornaments [9].
The critical aspect of nanotechnology is that it involves a change in perspective;
scrutinizing nature at the level of its basic building blocks. Increasing knowledge
about the unique properties of the nanomaterials has led to renewed interest in their
potential applications. Today, the ‘nanotechnology mania’ is sweeping through all
fields of science and technology with the public becoming aware of the famous quote
of Noble Laureate, Richard Smalley: “Just wait – the next century is going to be
incredible. We are about to be able to build things that work on the smallest possible
length scales, atom by atom, with the ultimate level of finesse. These little nano
things and the technology that assembles and manipulates them, will certainly
revolutionize our industries and our lives” [15]. The past two decades have
witnessed an exponential growth of activities in this field world-wide, driven by the
excitement of understanding the science and their potential applications in wide-
ranging areas such as sensors [16-18], catalysis [19,20], solar cells [21,22], fuel cells
[23], photonics and optoelectronics [24], medical diagnostics [25], cell labeling [26-
28], information storage [29], non-linear optics [30,31], computer architecture [32],
environmental protection [33,34] and national security [35] to name a few.
It must be stressed that nanotechnology is not just a field of science; but has come to
cover an amalgam of tools, techniques, and processes for the precision manipulation
of matter at the nanometer scale [36]. It is an ‘enabling’ and ‘cross-sectoral’
technology in that one technique may, with slight variations, be applicable to widely
different fields. It has become an umbrella term for wide range of technologies and
processes that can manipulate or exploit materials with an organized structure at the
nanometer scale. Today there are special purpose nanotechnology initiatives in place
in major centres of the industrialized world. For instance, in Japan, the importance
attached to nanotechnology can be judged from the fact that it is one of the six topics
that have been singled out for vigorous development within the ERATO (Exploratory
Research for Advanced Technology) project.
51.2 Background of this Research
The central theme of this research is to study the novel self-assembly process of Au
nanoclusters in silicon produced by ion implantation. This thesis mainly discusses
the direct bottom-up synthesis of spiral patterns of gold nanocluster patterns in
silicon (100) substrates produced by ion implantation followed by high temperature
treatment. In recent years, ion implantation has been used to fabricate metallic and
non-metallic nanoclusters in a variety of host materials. Self-assembled gold
nanoclusters in silicon are especially attractive building blocks for future nanoscale
sensors and optical devices due to their exciting catalytic properties. Ion implantation
is the technique of choice for this research due to its space selectivity controlled by
the beam position combined with high purity and reproducibility.
Ion implantation is a well established materials modification technique commonly
used in the semiconductor industry to introduce impurities (dopants) into
semiconductor substrates, typically a silicon wafer. This versatile technique can be
used to incorporate nearly any ionic species into a wide range of hosts. It is a low-
temperature, non-equilibrium process not limited by solubility and offers more
flexibility than diffusion. A more thorough explanation of this technique is given in
Chapter 2. The various approaches to form nanoclusters using ion implantation can
be categorized as follows: i) room temperature implantation, followed by high
temperature annealing; ii) room temperature implantation at doses above the
threshold for spontaneous nanocluster formation; iii) ion implantation at elevated
temperatures; and iv) thin film deposition followed by MeV ion bombardment [37].
Over the last ten years, several efforts have been made to form gold nanoclusters in a
wide range of substrates such as in i) silica to study the non-linear optical properties
[38-40]; ii) silicon to catalyze nanowire growth [41]; and iii) ceramics. Recently,
Sood et al [42] reported direct bottom-up selective synthesis of silica nanowires in
silicon wafers implanted with palladium ions. In this context, during our attempt to
facilitate low temperature growth of silica nanowires using Au ions as catalysts
implanted in silicon wafer, followed by high temperature annealing, we stumbled
across this unusual self-assembly of the Au nanoclusters, as shown in Figure 1.2.
6Figure 1.2 - Our first observation: Scanning electron micrograph showing an
overview of the self-assembled patterns of gold nanoclusters in 3x1016 Au/cm2 gold
implanted silicon (100) substrate after annealing at 1100o C for 1h.
Previous reports on the implantation of Au ions in silicon at similar experimental
conditions [41] showed no pattern formation other than a spatially random
distribution of Au nanoclusters. To the best of our knowledge, we are the first to
observe and report such an unusual natural pattern formation process in an Au-Si
eutectic system. This thesis primarily investigates this unusual self-assembly process
and proposes a growth model based on evidence obtained from the early growth
stages, an example of which is shown in Figure 1.3. The potential of this direct
bottom-up self-assembly technique is estimated by reviewing other conventional and
unconventional protocols widely used for patterning nanostructures in devices.
7Figure 1.3: Scanning electron micrograph showing an overview of the self-
assembled patterns of gold nanoclusters in 3x1016 Au/cm2 gold implanted silicon
(100) substrate after annealing at 540o C for 30s.
81.3 Motivation and Thesis Outline
The accidental discovery of this novel self-assembly process in the Au-Si system is
the principal foundation of this research. But, as quoted by Alexis Carrel, a famous
French surgeon and biologist, “A few observation and much reasoning lead to error;
many observations and little reasoning to truth”. The motivation of this research is to
obtain a fuller understanding of the formation and growth of this self-assembly
process through systematic study. A better understanding of the process will open
new opportunities to pattern nanoscale structures without the need for masks, resists
and other processing steps. An additional motivation for this research is the
possibility of using these pre-formed self-assembled Au nanoclusters as templates to
fabricate silica nanowires for several unique applications such as optical
interconnects in futuristic integrated optical microchip, localization of light,
biosensors and low dimensional waveguides for functional microphotonics.
This thesis is structured to provide a logical progression through the research
conducted to understand the pattern formation process. The contents of the six
chapters of this thesis are as follows:
Chapter 1: the remainder of this chapter provides a historical recap of the various
“top-down” and “bottom-up” nanoscale patterning techniques, their advantages and
potential limitations.
Chapter 2: briefly discusses all the experimental techniques utilized, including the
sample preparation for in-situ cross-sectional transmission electron microscopy
experiments.
Chapter 3: discusses the growth of spiral patterns of gold nanoclusters in silicon
substrates in a reaction furnace.
Chapter 4: discusses the crystallization process of the gold rich amorphous silicon
alloy observed in-situ in a Transmission Electron Microscope.
9Chapter 5: shows the spontaneous pattern formation process and discusses the two-
dimensional reaction-diffusion growth model to explain the spiral patterns.
Chapter 6: contains conclusions and suggestions for future work.
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1.4 Nanoscale Patterning Techniques: A Historical Recap
Nanofabrication is an extension of microfabrication and central to the evolution of
electronics and information technologies. Generally, interest in function motivates a
growing interest in finding new ways to fabricate patterned nanostructures in
devices. Nanostructures can be patterned by a variety of techniques. Methods
currently used to generate nanoscale structures are broadly classified into two
categories: “top-down” and “bottom-up” approaches (Figure 1.4). The two
approaches can employ either conventional or unconventional nanofabrication
techniques to make functional devices with well-defined structures.
Conventional techniques are highly developed and widely used for fabricating
patterned structures in microelectronic devices. The conventional top-down approach
uses various methods of lithography to pattern nanoscale structures. This approach
includes serial and parallel techniques for patterning features typically in two-
dimensions (2D). A number of unconventional top-down fabrication methods are
being developed to circumvent the technical and financial limitations of the
conventional processes. The bottom-up approach, on the other hand, uses interactions
between molecules or colloidal particles to assemble discrete nanoscale structures in
two or three dimensions. This chapter introduces ion implantation as a bottom-up
pattern formation technique of Au nanoclusters in silicon and reviews other
conventional and unconventional nanofabrication techniques in detail. Figure 1.4
schematically represents various top-down and bottom-up nanofabrication and
surface patterning techniques that are discussed in this review.
11
Figure 1.4: Schematic representation of various “top-down” and “bottom-up”
nanofabrication/self assembly techniques, which are in use or at various stages of
development, are discussed in this review.
Nanofabrication Techniques
Top-down Bottom-up
Conventional Unconventional
Photolithography
Scanning Beam
Lithography
Molding
Embossing
Printing
Scanning Probe
Lithography
Wet Chemical
Methods
Physical
Methods: Ion
Implantation?
Untemplated
Self-
assembly
Templated
Self-
assembly
12
1.5 “Top-Down” Approach
The microelectronics industry has developed a sophisticated infrastructure for
patterning nanoscale features by conventional nanofabrication. The two dominant
top-down methods for conventional nanofabrication are i) photolithography; and ii)
scanning beam lithography. A brief summary of these techniques, their capabilities
and the potential limitations are discussed in this section.
1.5.1 Lithography: A Conventional Technique
Photolithography is the method of choice for patterning nanostructures in the
microelectronics industry. In photolithography, a photo sensitive film known as
“photoresist” is laid on the substrate to be patterned. A pattern is exposed on the
resist using photons. The exposed photoresist is immersed in solvents that dissolve
the exposed (positive photoresist) or unexposed (negative photoresist) regions and
provide patterned access to the substrate surface. Figure 1.5 shows a schematic
illustration of the fabrication of topographically patterned surfaces in hard materials
by conventional photolithography. In current semiconductor nanofabrication,
photolithography can pattern 37 nm wide features with 193 nm wavelength light
[43]. The microelectronics industry plans to pattern minimum features below 37 nm
using photolithography. However, extending this process to wavelengths below 157
nm (deep UV and soft X-rays) brings increasing difficulty, particularly in developing
new optical systems [44].
Another potential route to pattern features with sub-50 nm resolution using 193 nm
wavelength light is “immersion lithography”. This technique was invented 150 years
ago when the benefit of filling the space between the microscope’s final optical
element and its target with a high index liquid was realized [45]. The technique itself
is very attractive as all the elements (light sources, optical materials and coating, and
photoresists). Except for a new lens design developed for conventional
photolithography can be used essentially unchanged. However, the technical
challenges of contacting the photoresist-coated substrate and mask with water (or
another solvent) and fabricating complex lenses remains a challenge before
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immersion technology can be implemented [43]. In this context, photolithography
will require further advances, such as decreasing the imaging wavelength to pattern
still smaller features. The shift to shorter wavelengths will require new photoresists,
light sources and new types of optics. Photolithography has a number of advantages
over particle beam lithography in nanofabrication, but the time and cost required to
fabricate the photomask-typically patterned by scanning beam lithography - can be a
significant drawback. Alternatively, scanning beam lithography can generate high-
resolution features with arbitrary patterns. The three main classes of scanning beam
lithography are i) scanned laser beams with ~250-nm resolution; ii) focused electron
beams with sub-50-nm resolution that are expensive to purchase and maintain; and
iii) focused ion beam (FIB) systems with sub-50-nm resolution which are primarily
(and extensively) used in research [43]. A FIB system can write or “mill” patterns
directly onto substrates by selectively removing material through ion bombardment
or create patterns by a localized chemical vapor deposition [46]. This technique can
create patterns with resolution down to ~20 nm and with smallest lateral dimensions
down to ~5 nm. However, there are some common sources of contamination in FIB
lithography from implanted ions (usually Gallium) or the material deposited on the
substrate after milling.
Figure 1.5: Schematic representation of the fabrication of topographically patterned
surfaces in hard materials by conventional photolithography. (After Gates et al [44]).
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1.5.2 Unconventional Nanofabrication Techniques
In the last ten years, a number of unconventional top-down techniques have
developed for patterning nanoscale structures such as: i) soft lithography (molding,
embossing and printing); ii) scanning probe lithography (SPL); and iii) edge
lithography. Soft lithographic techniques use an organic material to replicate and
transfer patterns on multiple length scales. Scanning probe lithography is used to
locally modify the surface either by oxidation or by material transfer using a sharp
probe in contact with the surface. Edge lithography transfers the edge of one feature
into a feature with smaller dimensions. These experimentally straightforward, low
capital expenditure techniques are capable of making features with the smallest
dimensions < 100 nm in at least one direction [44].
1.5.2.1 Patterning by Molding and Embossing
Molding refers to the transfer of a topographical feature from a rigid or soft
(elastomeric) mold into a substrate by solidifying a liquid in contact with the original
pattern. Molding includes replica molding (RM) [47], microtransfer molding (µTM)
[48], micromolding in capillaries (MIMIC) [49], and step-and-flash lithography
(SFIL) [50]. Figure 1.6 schematically represents various approaches to molding.
Step-and-flash imprint lithography (SFIL): is a hard pattern transfer technique that
replicates the topography of a rigid mold using a photocurable prepolymer solution
as the molded material. It uses a rigid, transparent mold to print features at a constant
temperature (~22o C) with low applied pressures (Figure 1.6a). The SFIL can process
pattern features down to at least 20 nm across a filed size of 6.25 cm2 per molding
step [50]. It is also being developed to pattern curved surfaces and topographies with
multiple depths in a single step. Currently, the development of SFIL techniques has
focused primarily on semiconductor nanofabrication and surface patterning. The
successful implementation of SFIL to other applications will require the development
of new photocurable monomers and appropriate economics for the application.
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Replica Molding (RM): is a soft pattern transfer technique in which a mold or stamp
is prepared by casting a liquid polymer precursor (preferably elastomers) against a
topographically patterned master. The most widely implemented and successful
elastomer for nanofabrication is poly-(dimethylsiloxane) (PDMS), as it is durable,
inert to most materials being patterned or molded, chemically resistant to many
solvents, and transparent above a wavelength of ~280 nm [43]. Nevertheless, an
important limitation of PDMS is that it absorbs many nonpolar, low-molecular-
weight organic compounds [51]. Replica molding consists of three steps i) creating a
topographically patterned master (Figure 1.6a); ii) transferring the pattern of this
master into PDMS; and iii) fabricating a replica of the original master by solidifying
a liquid precursor against the PDMS mold (Figure 1.6b) [47]. The smallest features
replicated using PDMS are ~3 nm wide structures and ~0.5 nm vertical deflections
[52]. The ultimate limit to replication using PDMS or other materials is still not
clear, but the limit, based on the physics of van der Waals interactions, should be less
than 0.5 nm [43].
Microtransfer molding (µTM): is a variant of RM where a liquid prepolymer fills the
recessed region of the mold, and excess prepolymer is removed from the top using a
flat edge. The polymer is cured by appropriate means after placing the mold on a
rigid substrate. This technique has been used to pattern both planar and curved
surfaces [44]. The potential disadvantage of µTM is that a film of cured polymer
precursor often connects the isolated features which can be removed by an additional
etching process. Another variant of µTM is MIMIC, which uses capillarity to fill a
series of channels in a topographically patterned PDMS stamp with a fluid
(polymer). This method does not leave any residue as the PDMS stamp is in contact
with the substrate before the polymer is introduced. Embossing is the process of
imprinting a pattern onto a flat substrate by pressing a mold into the surface. This
method includes techniques such as nanoimprinting [53,54] and solvent-assisted
micromolding (SAMIM) [55]. These methods have been used to make compact
discs, digital versatile discs (DVD), holograms, diffraction gratings, and plastic parts.
Figure 1.7 schematically represents various approaches to embossing.
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Figure 1.6: Schematic showing various methods to molding: a) step-and-flash
lithography (SFIL), b) replica molding (RM), c) microtransfer molding (µTM), and
d) micromolding in capillaries (MIMIC). (After Gates et al [44])
Nanoimprint lithography (NIL): is a term coined for “hot embossing” and refers to
the pressure-induced transfer of a topographic pattern from a rigid mold (typically
silicon) into a thermoplastic polymer film heated above its glass-transition
temperature. NIL can replicate structures with aspect ratios up to 10:1 and as small as
10 nm. It is a parallel plate printing process where an entire 100 mm of a wafer can
be patterned in a single imprinting step [53]. Different versions of NIL such as
“rolling molds” [56] have been developed to pattern repeating structures on a
substrate. Although NIL has made great progress in the nanofabrication industry in a
relatively short period of time, the stress induced during the heating and cooling
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cycles and high pressures applied during embossing challenges alignment during
multilayer fabrication.
Figure 1.7: Schematic illustration of embossing procedures for a) nanoimprint
lithography (NIL); and b) solvent-assisted micromolding (SAMIM). (After Gates et
al [44])
Solvent-Assisted Micromolding (SAMIM): uses an elastomeric (soft) mold and an
appropriate solvent to emboss polymer films. Unlike rigid molds, this technique
processes the polymer at ambient conditions than at elevated temperatures. The
solvent, rather than temperature, softens the polymer. SAMIM has two
characteristics useful in nanofabrication: i) it avoids cycling of the temperature of the
sample and thus limits thermal oxidation or degradation of the system components;
ii) it is also especially useful in embossing because the mold conforms to the
polymer substrate even when it is not planar-over areas >1cm2 and allows pattern
transfer over that area. Using SAMIM, line widths as small as ~60 nm and aspect
ratios of at least 1:1 have been patterned [55]. The mild processing conditions of
SAMIM are compatible with patterning polymer-based distributed feedback lasers
[57] and organic light-emitting diodes (OLEDs) [58]. Although SAMIM makes it
possible to mold polymers that are difficult to manipulate by SFIL and NIL, the in-
plane dimensional stability of soft masks is believed (or simply assumed) to be lower
than for hard masks. The application of SAMIM to patterning nanoscale features has
been limited primarily by the fundamental characteristics of this process such as
18
formation of PDMS residues between isolated features and the processing time for
SAMIM depends on solvent transport through the PDMS.
1.5.2.2 Nanofabrication by Printing
Microcontact printing (µCP) is a well-known method for transferring molecules from
a master to a substrate to create well defined patterns by physical contact. The
general procedure brings a topographically patterned PDMS stamp, wetted with a
solution of an alkanethiol or other molecules that can form self-assembled
monolayers (SAMs), into contact with the substrate (metal/metal
oxide/semiconductor) for a few seconds; during which an ordered monolayer forms
rapidly at the points of contact (Figure 1.8) [44]. The molecules adsorbed to the
polymer stamp adhere to the substrate by the formation of covalent bonds [59]. This
technique is advantageous for printing over large areas (> 50 cm2) and curved
surfaces [60] due to its ability to achieve conformal atomic level contact between the
stamp and the substrate for a range of topologies. In the past, microcontact printing
has been generally used to pattern materials such as biomolecules, colloidal particles,
polymers, and self-assembled monolayers (SAMs) [43]. Three variants of this
concept that extend to include other types of materials and multiple layers are
electrical microcontact printing (e-µCP) [61], nanotransfer printing (nTP) [62], and
decal-transfer printing [63].
Electrical microcontact printing, in principle, is used to pattern a thin film of electret
(a material that accepts and maintains an electrostatic potential), probably by
injecting and trapping charges [61] from a flexible electrode (PDMS). It is the
flexible electrode, coated with a thin metal film, that is brought in contact with a thin
dielectric film (electret) supported on a second electrode (typically n-doped <100>
silicon). A potential is applied across the two electrodes and the charge is retained
where the flexible electrode contacts the dielectric film. A number of methods exist
for charging electrets in micrometer and nanometer scale resolution, such as corona
discharge and scanning probe techniques. This technique can pattern charge over
areas >1 cm2 in less than 20 s with a resolution of ~100 nm [61]. The current
limitations of e-µCP include buckling of the PDMS stamp after metal deposition
from thermal expansion and contraction of the surface.
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Figure 1.8: Schematic illustration of a procedure used to pattern self-assembled
monolayer (SAMs) on a gold surface by microcontact printing (µCP). (After Gates
et. al. [44])
Nanotransfer printing (nTP) is another variant of µCP where a thin solid film with
nanoscale features is transferred to a substrate from a soft or rigid stamp.
Nanotransfer printing, a well suited technique for transferring electrodes to fragile
surfaces, can pattern features with a lateral resolution of at least 70 nm and an edge
roughness down to 10 nm [43]. However, the mechanical stress induced during
printing may introduce cracks into the metal structure. The mechanism of
deformation and its consequences are not yet completely understood. Decal-transfer
printing stamps, on the other hand, serve as another alternative approach to printing
structured materials. This technique is described as a tool for sealing a polymer layer
irreversibly to a variety of solid substrates. The decal transfer technique is suitable to
make submicrometer features, but extending this technique to pattern nanoscale
features will require further investigation.
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1.5.2.3 Limits of Molding, Embossing & Printing
Nanofabrication by molding and embossing are potentially limited by the following
factors: i) the practicality of fabricating masters with small features; ii) the ability of
a material to mold features of the master with high fidelity; iii) the distortion of
features in the transferred pattern; iv) the swelling of the master by the monomers
used or the solvent used to dissolve polymers; v) the ability of the molded material to
fill the mold completely; vi) the tendency of the system to trap bubbles of gas; vii)
the kinetics of filling of the mold; and viii) the thickness of the residue or “scum”
layer between isolated features, and related issues concerning the mold, substrate,
and polymer as a system [43]. The fidelity of replicating nanostructures by molding
and embossing is, in principle, limited by the size of the molecular precursors of the
polymer and the separation between the mold and master. It is also limited by the
size and shape of the mold species - that is, the molecules making up the polymer
material.
Nanofabrication by printing is fundamentally limited by the preferential adhesion of
the printed material to the second surface. The minimum size of the transferred
feature is limited by the distortion of the stamp while in contact with the printed
surface, because the elastic deformation of the PDMS stamp can collapse high aspect
ratio structures [64]. The minimum thickness and the lateral dimensions of the
isolated features fabricated by printing are primarily determined by the wetting
characteristics of the stamp and deposited metal. The resolution of nTP depends on
the integrity of the transferred material.
1.5.2.4 Scanning Probe Lithography for Nanofabrication
Scanning Probe Lithography (SPL) is an emerging area of research in which an
atomic force microscopy (AFM) or a scanning tunneling microscopy (STM) is used
to pattern nanometer-scale features. SPL is a well-suited tool for manipulating
surfaces at atomic-scale resolution. One of the most fascinating examples of
nanoscale fabrication by STM tip is the precise positioning of 48 Fe atoms to form a
quantum corral on a Cu substrate [65]. Although these structures are interesting
scientifically, nanofabrication by STM has not been demonstrated as a practical
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technology. Atomic force microscopy, on the other hand, is widely used to deposit
SAMs or manipulate the surface by either of the following methods: dip-pen
nanolithography (DPN) [66] or mechanical patterning techniques such as
nanoshaving and nanografting [67]. Figure 1.9 shows the various AFM based
approaches to SPL.
Figure 1.9: Schematic representation of various approaches of surface patterning
using atomic force microscopy: a) dip-pen nanolithography (after Piner et al [66,67];
b) mechanical patterning by nanoshaving; and c) mechanical patterning by
nanografting (after Liu et al [67]).
Fabricating nanostructures using DPN is a single step process which does not rely on
resists. DPN uses an AFM tip as a “nib”, “inked” with a solution of the material
(molecules) to be transferred to “write” an arbitrary pattern on a solid substrate. DPN
delivers relatively small amounts of molecules in a nanolithographic fashion that
does not rely on masks, resists and other non-commercial instrumentation. This
technique can pattern features as small as 15 nm and can mask the substrate to
pattern metallic nanostructures of Au, Pd, and Ag [66]. In the case of nanoshaving
and nanografting, an AFM tip in contact with the surface selectively displaces self-
assembled monolayers (SAMs). The nanoscale pits generated by nanoshaving can act
as templates for nanowire growth.
For large volume, parallel production of patterns using SPL techniques, an array of
cantilever probes scanned in parallel may be used (parallel DPN). Currently, the
parallel DPN uses a linear array of passive probes to write multiple copies of a
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pattern. This approach to writing nanoscale patterns with a single AFM tip is,
however, fundamentally slow and the mechanism of material transfer by DPN is yet
to be established. Also the differences in the shape of the tip and the variations in the
surface topography of the substrate challenge reproducibility of patterns.
1.6 Self-assembly: A “Bottom-up” Approach
1.6.1 Introduction
The miniaturization of components used in the construction of working devices is
currently being pursued by the top-down fabrication approach. This approach forces
scientists and engineers to manipulate smaller and smaller devices and has its own
limitations. An alternative approach is the bottom-up technique, starting from the
smallest compositions of matter (atoms or molecules) that have unique shapes and
properties to build functional components. In the self-assembly context, a bottom-up
approach is scientifically interesting and technologically important.
Self-assembly is the autonomous organization of components into patterns or
structures without human intervention. The self-assembling process occurs at all
scales in nature and technology [68]. This approach relies on cooperative interactions
of small components that assemble spontaneously in a predefined way to produce a
larger structure in two or three dimensions. Molecular self-assembly is ubiquitous in
biological systems and underlies the formation of variety of complex biological
structures. It involves non-covalent or weak covalent interactions. In the self-
assembly of larger components interactions can often be selected and tailored, which
are not important in the case of molecules. Self-assembly is also emerging as a new
strategy in non-biological systems with the potential of generating structures with
dimensions of 1 to 100 nm.
1.6.2 Reasons for Self-Assembly
There are several reasons for an interest in self-assembly. First, humans are attracted
by the appearance of order from disorder. Second, self-assembly offers a number of
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advantages over top-down nanofabrication techniques. Third, self-assembly is not
limited to molecules but occurs in systems of components larger than molecules, and
there is a great potential for its use in materials and condensed matter science.
Fourth, self-assembly is one of the few practical strategies for making ensembles of
nanostructures. Finally, the focus on the spontaneous development of patterns
bridges the study of individual components and the study of systems with many
interacting components [68,69]. The three size ranges of components for which self-
assembly is important are: molecules, nanoscale structures (colloids, nanowires and
nanospheres, and related structures), and meso- to macroscopic objects [69]. There
are many opportunities for fabricating useful nanoscale structures using self-
assembly. The process of self-assembly is broadly classified into two categories: i)
static self-assembly and ii) dynamic self-assembly. Static self-assembly occurs in
systems that are at global or local equilibrium and do not dissipate heat, whereas
dynamic self-assembly occurs only if the interacting components in a system
dissipate energy.
1.6.3 Variants of Self-Assembly
The two variants of self-assembly methods are templated self-assembly, where the
interactions of the individual components and the regular features in the environment
determine the structure they form [68], and nontemplated self-assembly, in which the
individual components interact to produce a larger structure without the assistance of
external forces or spatial constraints [43]. Templated self-assembly introduces an
additional element (often top-down strategies) to direct the bottom-up assembly of
components and to increase the order of the self-assembled structure. Molecular and
supramolecular structures [70-73] in the size range from 1 to 100 nm and beyond
have been used as templates to mask the deposition of metal [74] or to guide the
growth of metal nanoparticles [75,76] or nanowires [77]. External forces such as
electric [78] and magnetic fields [79] as well as shear forces [80] and spatial
constraints [81] have been used as templates to direct the assembly of nanostructures
into different configurations. Examples of materials fabricated using nontemplated
self-assembly include SAMs [82] and nanoparticles [83].
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Self-assembly allows for the integration of incompatible process technologies. It has
been employed for the fabrication of nano-electronic and photonic devices; for the
most part however, it remains as a research tool. The engineering and scientific
enthusiasm for challenges related to self-assembly continues to grow and it is
expected that the participation of multiple disciplines can address some of the
challenges facing self-assembly. Over the last few years, significant progress has
been made in developing solution based synthesis (wet chemical methods) and
purification schemes for producing uniform populations of metallic nanoparticles.
However, an important technological challenge that remains is to develop effective
ways to self-assemble these nanoscale components on an arbitrary solid surface. Of
particular interest due to their unique physical and chemical properties is the self-
organization of gold nanoparticles into two dimensional arrays on solid surfaces. In
this context, the following section reviews several published techniques for self-
assembling ordered arrays of Au nanoparticles on solid surfaces.
1.6.4 Chemical Self-assembly Techniques for Nano-Gold
The most common methods for self-assembling chemically synthesized (by reduction
of chloroauric acid) gold nanoparticles into ordered arrays on solid surfaces are
classified into three general categories [84]: i) spreading a colloidal suspension on
the solid substrate and allowing the solvent to evaporate [85-87]; ii) field-enhanced
[88,89] or molecular interaction-induced deposition [90-94] from a colloidal
suspension on the solid substrate; and iii) spreading a colloidal suspension of
hydrophobic particles on a water surface, allowing the solvent to evaporate, and
subsequently transferring the nanoparticle array to the solid substrate [95]. Several
morphologies of self-assembled Au nanoparticles have been reported by using these
techniques. For example, Stowell et al [96] reported self-assembled honeycomb
networks of quasi-gold nanocrystals drop-casted on a carbon substrate. Each of these
techniques failed to greater or lesser degrees. For example, in the process of forming
a monolayer of self-organized Au nanoparticles by evaporation of the solvent from a
colloidal suspension or by field-enhanced or molecular-interaction-induced
deposition, the lateral mobility of the particles becomes frozen at some point [84].
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Summary
This chapter has provided a general introduction and explains the motivation
underlying the research presented in this thesis. We have also covered several
commercial and laboratory scale surface patterning/self-assembly techniques
developed over the years to meet various needs of nanofabrication. Each technique
has its own advantages and inherent limitations. In this context, this thesis
investigates the self-assembly of Au nanoclusters in silicon substrates produced by
ion implantation and discusses its capability to act as a template for nanowire
growth.
The following chapter provides the theoretical background and experimental aspects
of the materials preparation and characterization techniques used in this research.
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Chapter 2
Experimental Techniques
This chapter gives an overview of the various experimental techniques used in this
research to study the self-assembly of Au nanoclusters. The first part of this chapter
discusses the theoretical and technical aspects of ion implantation, the materials
modification technique of choice that was used to implant Au and to amorphize the
silicon substrate. This section is immediately followed by a brief discussion on the
high temperature furnaces used to grow nanoclusters in the Au implanted samples.
The second part of the chapter discusses the basic principles of the characterization
techniques used for the work reported in this thesis.
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2.1 Materials Modification
2.1.1 Ion Implantation
The technological and scientific significance of ion implantation was discussed
briefly in Chapter 1 and shows that this technique is a widely used and well-
developed method for materials modification. This section briefly explains the ion
implantation process and also discusses the two types of ion sources used in this
research: i) metal vapour vacuum arc ion source (MEVVA); and ii) source of
negative ions by cesium sputtering (SNICS).
2.1.1.1 Basic Concepts
Ion implantation is the introduction of energetic, charged particles into a substrate,
typically a semiconductor. The ions may introduce both chemical and physical
changes to the target by creating damage by the energy loss process of the incident
ion. The ion implantation process involves acceleration of the volatized charged
particles (ions), which are then separated by the mass-to-charge ratios and directed at
a target. The ions enter the crystal lattice, collide with the target atoms, lose energy
and finally come to rest at some depth within the target. Implantation energies are
between 1 keV and several MeV, resulting in implanted ion distribution with average
depths from < 10 nm to tens of µm. The ion dose (concentration) varies from 1011 to
1022 ions/cm2 depending on the application. The average penetration depth can be
controlled by adjusting the acceleration energy while the ion dose can be controlled
by monitoring the ion current during implantation.
When energetic ions enter a semiconductor substrate, they lose their energy in a
series of nuclear and electronic collisions and finally come to rest. For heavy ions
such as gold (Au) the energy loss is primarily due to nuclear collisions, which can
transfer sufficient energy to the lattice so that the host atoms are displaced, resulting
in implant damage (also called lattice disorder). These displaced atoms may possess
large fractions of the incident energy, and they in turn cause cascades of secondary
displacements of nearby atoms to form a tree of disorder along the ion path. When
the displaced atoms per unit volume approach the atomic density of the
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semiconductor, the material becomes amorphous [1]. More information on the basic
concepts of the implantation process can be obtained from the texts by Williams
[2,3] and May [1].
The Au ion implantations for this research were performed using low energy
implanters fitted with two different types of ion sources. The majority of the
experiments were performed using the low energy ion implanter fitted with a
MEVVA-type ion source at the Institute of Environmental Research, Australian
Nuclear Science and Technology Organization (ANSTO), Sydney. Other implants
were also performed using the 175 kV ion implanter fitted with a SNICS-type source
at the Department of Electronic Materials Engineering (EME), Research School of
Physical Sciences and Engineering, The Australian National University (ANU),
Canberra. The following section discusses the technical aspects of the two types of
ion sources in brief.
2.1.1.2 MEVVA Source
The MEVVA source used for this study is a type II source originally designed and
developed by Ian Brown and his co-workers at the Lawrence Berkeley Laboratory,
California [4,5]. The source is of a kind that can produce high current beams of a
wide range of metal ions, spanning the periodic table from lithium up to and
including uranium for various applications [6]. The ion charge state distribution
varies with the cathode material and arc current, thus the implantation energy can be
several hundred kV without additional acceleration. Figure 2.1 shows a cut-away
view of the MEVVA II ion source.
The MEVVA ion source is composed of a metal vapour vacuum arc plasma source,
plasma shaping region, and a set of grids for ion extraction. The structure is housed
within a simple vacuum chamber operated at a base pressure of 10-6 Torr range. In
the MEVVA source an arc is established between the cathode (the metal to be
implanted) and the anode. A basic characteristic of this type of discharge is the
formation of “cathode spots” – minute regions of intense current concentration
(many MA/cm2 over a spot diameter of the order of µm) on the cathode surface, at
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which the cathode material is vaporized and ionized [5]. Thus the cathode spots act
as small regions of plasma generation from the solid surface.
Figure 2.1: Schematic showing a cut-away view of the MEVVA II ion source (after
Brown et al [5]).
The assemblage of multiple cathode spots constitutes a source of metal plasma,
which plumes away from the cathode towards the anode and persists for the duration
of the arc current drive. The anode of the discharge is located on an axis with respect
to the cylindrical cathode and has a central hole in it through which a part of the
plasma streams. It is this component of the plasma that forms the medium from
which the ions are extracted [5]. This plasma plume drifts through the post-anode
region to the set of grids that comprise the ion extractor – a three-grid, accel-decel,
multi-aperture design. Each grid is an array of 100 or more small holes of roughly 1
mm diameter, thus forming an initial beam size of 2 cm diameter. A small magnetic
field, produced by a coil surrounding the arc region of magnitude up to about 100 G,
serves to help duct the plasma plume in the forward direction. The ducted beam is
then injected into a field free vacuum chamber and directed at a target. Figure 2.2
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shows the setup of the low energy ion implanter at ANSTO fitted with a MEVVA II
ion source.
Figure 2.2: Photographs of the low energy MEVVA ion implanter used for this
research: a) wide view of the ion implanter setup; b) the field free vacuum vessel to
hold samples; and c) the assembly of MEVVA ion source.
For all the gold implants performed using the MEVVA source in this research, the
source was operated in a pulsed mode with a pulse frequency of 15 Hz. The inherent
problem of this MEVVA source is the production of an Au beam with multiple
charge states (Au+, Au2+ and Au3+). Large Au droplets (“macroparticles”) are also
produced along with plasma [7-9], which travel along with the plasma and are
deposited on the substrate surface during implantation. The beam produced by a
SNICS source, on the other hand, is free from such micron-sized particles and also
mass and charge filtered by an energy analyzing magnet.
Field free vacuum
sample chamber
MEVVA II source assembly
(inside cabin)
Source cabin
a) b) c)
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2.1.1.3 SNICS Source
As mentioned earlier, some of the Au implants were carried out using the low energy
(175 kV) ion implanter at ANU. This implanter is equipped with a SNICS-type ion
source [10,11] which can produce a large variety of negative ion beams from solid
cathode targets. Figure 2.3 schematically represents the SNICS-type negative ion
source.
Figure 2.3: Schematic of SNICS-type negative ion source.
[Image courtesy: http://www.nd.edu/~nsl/Research_Facilities/Snics/nsl_snics.html]
In this source, a reservoir of cesium (Cs) metal is heated to approximately 120o C to
form Cs vapor. This vapor rises from the reservoir in vacuum to an enclosed region
between the cold cathode and hot ionizer. Some Cs condenses on the cathode and
some is thermally ionized by the ionizer. The ionized Cs, now positively charged, is
then accelerated towards the negatively biased cathode, sputtering particles from the
cathode through a condensed Cs layer. The basic cathode is a small cylindrical
section of copper which has a small cavity drilled into the cylinder on axis.
Typically, a powder containing the isotope for the desired beam is desired is tamped
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into the cavity. A wide variety of ion beams can be produced based upon the nature
of the cathode used.
The sputtered negative ions are repelled by the negatively-biased cathode and then
attracted by the positively-biased extractor. The beam of negative ions is focused by
an Einzel lens and accelerated by a source bias into a 90o analyzer magnet, with a
path radius, R, for mass filtering. The magnetic field (B) is set such that, the
magnetic force acting on the accelerated ions is set equal to the centrifugal force on
the desired ions as they are deflected through a radius (R). The strength of the
magnetic field (B) required for the selection of the desired mass (m) will be:
qZ
mV
R
B i
21 (2.1)
where iV is the potential difference through which the ions are accelerated, q is the
electronic charge and Z is the ion charge state. Finally, the beam is electrostatically
scanned across the target in the x, y directions (raster scanned) until the required
implant fluence (Q) is achieved. The implant fluence can be expressed as an integral
over time (t):

t
idt
qAZ
Q
0
1
(2.2)
where i is the beam current and A is the implanted area (determined by the tantalum
aperture at the entrance of the target chamber). The 250 µm thick silicon substrates
were clamped onto a four-sided Ni block by steel clips for optimum thermal contact.
The pressure in the target chamber was maintained at 10-7 Torr to minimize
contamination. The generation of secondary electrons in the sample chamber was
suppressed by a Cu shield biased at -300 V. The Cu shield was also cooled by liquid
N2 to condense any residual contamination in the chamber. The photograph of the
175 kV ion implanter used for this work is shown in Figure 2.4.
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Figure 2.4: Photograph of the low energy (175 kV) ion implanter located at ANU.
2.1.1.4 Simulations and Implantation Conditions
The computer simulation of the ion ranges and the slowing down of the energetic
ions were determined using the Monte Carlo computer simulation program SRIM
(the Stopping and Range of Ions in Matter) [12].
For all Au implantations performed using both MEVVA and SNICS-type source,
single crystal p-type Czochralski prime grade 2” silicon wafers were used as
substrates. A metal (Al) mask with 16 equi-spaced circular holes of 4 mm diameter
was used in contact with the 2” diameter wafer to produce 16 identical and well-
separated zones of gold ion implanted regions. The lowest possible extraction
SNICS II source &
Extractor cabin
Analyser MagnetSample Chamber Beam line
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voltage of 20 kV (10 kV for MEVVA source to obtain an average energy of 20 kV)
to produce a stable Au ion beam was chosen to ensure the maximum surface
concentration of implanted Au. The implantation dose was varied between 1-5x1016
Au ions/cm2.
2.1.2 Thermal Treatment
High temperature thermal annealing was carried out to grow nanoclusters in the Au
ion implanted Si substrates. A systematic temperature and time dependent annealing
study was performed in a conventional horizontal single-zone 4” diameter open
alumina-tube furnace (temperature accuracy ± 1%) and in a rapid thermal annealing
(RTA) system (AET-ADDAX RX) in an argon (Ar) atmosphere. A single-zone
quartz-tube furnace (Lindberg 1500o C) under flowing Ar gas was used for nanowire
growth. Before annealing, the 2” wafers were cleaved into 16 samples of 1 cm2 each.
2.2. Characterization Techniques
The techniques used to study the self-assembled patterns of gold nanoclusters are
broadly classified in to three categories: i) surface morphology analysis (size and
shape of the self-assembled patterns) using scanning electron microscopy (SEM) and
atomic force microscopy (AFM); ii) surface composition and phase identification of
the nanoclusters using energy dispersive X-ray spectroscopy (EDS) and X-ray
microdiffraction (µXRD); and iii) depth distribution and migration of implanted gold
atoms in silicon substrate using Rutherford backscattering spectrometry (RBS) and
transmission electron microscopy (TEM).
Additionally, in-situ heating experiments were carried out using a SEM and a TEM
to study the pattern formation process and to devise a growth model. The XTEM
sample preparation techniques adapted to suit in-situ heating are discussed in more
detail in Chapter 4, whereas the ex-situ plan view and cross-section TEM (XTEM)
samples were prepared using standard procedures [13].
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2.2.1 Scanning Electron and Atomic Force Microscopy
The human eye is able to resolve objects that are about 0.1 mm apart, if the objects
have sufficient contrast differences. Microscopes are devices that magnify details
that are not visible to the naked eye. Conventional visible light microscopes have
wavelengths of the range 400-700 nm and are easy to use but again limited in
resolution. The ultimate resolution of the microscope was increased in the 1930s by
using electrons (wavelength about 0.1 nm) as a source of radiation [14].
Scanning Electron Microscopy (SEM): is a widely used surface imaging technique,
which uses either tungsten (thermionic or field-emission) or LaB6 filament as an
electron source to produce a point by point reconstruction of the specimen. Unlike
TEM, this technique is easy to handle and there are several references [14,15] from
where more information on the basic concepts of this technique can be obtained. A
wide variety of microscopes such as Philips XL 30 fitted with a tungsten filament, an
FEI Nova NanoSEM with a field emission source, and Hitachi S4500 (cold field
emission SEM) were used in this research for standard secondary electron (SE) and
backscatter electron (BSE) imaging. The in-situ SEM experiment was performed
using a FEI Quanta 200 Environmental SEM located at Queensland University of
Technology, Brisbane.
Atomic Force Microscopy (AFM): is a relatively simple and versatile technique that
is inevitably used for nanoscale research. AFM consists of a microscale cantilever
with a sharp tip to scan the sample surface. When the tip is bought into the proximity
of the sample surface, forces between the tip and sample lead to a deflection of the
cantilever according to Hooke’s law. The AFM can be operated in various modes but
the surface roughness measurements reported in this thesis were performed in
tapping mode, where the change in surface topography of the samples was measured
by changes in the vibration properties of the cantilever. The surface roughness of the
self-assembled spiral Au nanoclusters were estimated by probing the samples with a
silicon tip fitted to a piezoelectric head of a Digital Instruments Nanoscope IIIa
Dimension 3100 atomic force microscope. The basic concepts of this technique are
explained in detail elsewhere [16].
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2.2.2 Analytical X-ray Techniques
2.2.2.1 Energy Dispersive X-ray Spectroscopy
In energy dispersive X-ray spectroscopy (EDS), an electron beam strikes the surface
of a conducting sample and causes X-rays to be emitted from the interacting volume
of the material. The energy of the X-rays is used to produce electron-hole pairs in the
specimen and the signal is used to produce a spectrum. Ideally, each peak in the EDS
spectrum represents an element present within a known region of the specimen,
defined by the focused probe. Either a TEM or an SEM can be used as the means of
generating an X-ray emission spectrum from a small region of the specimen. In both
kinds of instrument, the volume of the specimen emitting X-rays depends on the
diameter of the primary beam. Most of the selected area and spot EDS measurements
reported in this thesis were performed in an SEM (FEI Quanta 200 ESEM or FEI
Nova NanoSEM) with EDAX Si (Li) X-ray detector. The X-ray mapping facility in
the SEM scanning mode was used to map the elements, their composition and
distribution. A more thorough explanation of the basic principles of this technique
can be obtained from the texts by Russ [17] and Lee [14].
2.2.2.2 Micro X-ray Diffraction
X-ray diffraction (XRD) is a technique used to measure the atomic arrangement of
atoms in crystalline samples. When a monochromatic X-ray beam hits a sample, in
addition to absorption the X-ray is scattered with the same wavelength as the incident
beam. There are many theories and equations expressing the relationship between the
diffraction pattern and the material structure. Bragg’s law is the simplest way to
describe the diffraction of X-rays by a crystal. X-rays hit the crystal planes in an
angle θ, and are reflected at the same angle θ. The diffraction pattern is a delta 
function when the Bragg condition is satisfied:
 sin2d (2.3)
where  is the X-ray wavelength, d is the distance between each adjacent crystal
plane, andθis the Bragg angle of reflection. The text by Suryanarayana and Norton
[18] provides a more thorough explanation of the basic concepts of XRD.
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The X-ray microdiffraction experiments discussed in this work were carried out
using a general area detector diffraction system (GADDS – BrukerAXS D8
Discover) equipped with a sealed Cu X-ray tube (Kα= 1.542 Å) operated at 40 kV
and 40 mA. The core of GADDS is a high performance two-dimensional detector,
which is 104 times faster than a position sensitive detector. Compared to one-
dimensional diffraction profiles measured with a conventional diffraction system, a
2D image collected with a GADDS contains far more information for various
applications. Without any analysis, the area detector frame can provide a quick
overview of the crystallinity, composition, and orientation of the material.
The Au implanted Si samples were mounted on a XYZ stage and aligned to the
instrument centre by a laser-video sample alignment system that guides where the X-
ray beam hits. Fine X-ray focal spots were achieved by using a 50 µm diameter
collimator. For all the experiments, the X-ray incident angle was set to 20o to probe
the Au nanoclusters grown from the surface amorphous layer and to avoid
interference from the underlying Si matrix. A standard 2θ scan was performed using 
the 2D area detector.
2.2.3 Rutherford Backscattering Spectrometry
Rutherford backscattering spectrometry (RBS) is a well established quantitative
material analysis technique. It has emerged as a very powerful technique that is ideal
for investigating the depth distribution profile of trace elements heavier than the
major constituents of the substrate [19]. The advent of ion implantation in many
diverse fields as a convenient means of introducing foreign impurities into the
surface layers of a solid has stimulated major interest in this backscattering
technique. For example, RBS has been used extensively both for the direct
monitoring of accumulation of implanted species and, when in conjunction with the
channeling technique for providing a measure of the ion damage and foreign atom
location in the substrate
RBS is based on collisions between atomic nuclei and involves measuring the
number and energy of ions in an accelerated (typically 2 MeV) mono-energetic
beam, which backscatters after colliding with atoms in the near-surface region of a
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sample. The energy distribution of the backscattered beam provides information
about the atomic mass and elemental concentration versus depth below the surface of
the various constituents of the target. When a sample is bombarded with a high
energy particle (usually H or He), only a fraction of the particles of the incident beam
undergo a direct collision (the rest is simply implanted into the substrate) with a
nucleus of one of the target atoms in the upper few micrometers of the sample. This
collision process, which involves the Coulombic interaction of the nucleii of two
different atoms, can be modeled as an elastic collision using classical physics. Figure
2.5 shows the basic events of the backscattering process.
The energy of the backscattered ions is detected by a surface barrier detector fixed at
a scattering angle and is dependent on the energy of the incident beam, penetration
depth, stopping cross-section of the target material (both before and after the
scattering event) and the scattering event itself. The ratio of the projectile energy
after and before collision is defined as the kinematic factor (K):
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where Eb and Ei are the energies of the backscattered and incident projectile
respectively, M1 and M2 are the masses of the incident and target atom respectively,
and θis the scattering angle. Thus, by knowing the properties of the incident
projectile (beam particle, charge state and energy), the atomic composition of the
target can be quantitatively estimated by measuring the energy of the backscattered
projectile. Further details of RBS can be obtained from the text by Chu et al [20].
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Figure 2.5: Schematic representation of the basic process of RBS.
The RBS measurements reported in this thesis were performed using a NEC 5SDH
tandem accelerator (1.7 MeV) located at EME, ANU. The NEC accelerator uses
helium (He) gas as an ion source, which is positively ionized by a radio frequency
field. On leaving the source, the ion passes through a charge exchange chamber
containing rhubidium (Rb) vapor, which negatively charges the ions. The negatively
charged ions are accelerated away from the source area, focused using Einzel lens,
and filtered (similar to the low energy ion implanter) for injection into the accelerator
tank.
The high-voltage (HV) tank equipped with a single pelletron chain contains
pressurized SF6 gas to prevent discharge (insulator) from the HV terminal. The beam
of negative helium ions is accelerated to the positively charged terminal where the
ions are partially stripped of electrons by N2 charge exchange. The positive beam
(He+) is then accelerated to the downstream end of the tank where the final energy of
the ions, Ef, is:
  tif VZVqE  1 (2.5)
where Vi is the voltage at the injector end and Vt is the voltage at the HV terminal of
the accelerator tank. The accelerated (2 MeV) He+ ions pass through a range of
collimators placed along the beam path to achieve a beam spot of ~ 1.5 mm on the
target. The design of the sample chamber is similar to that of the ion implanter
(section 2.1.1.3).
M1, EiΔE in
ΔEout
Eb
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θ
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As mentioned earlier, RBS has been used to detect the kinetics of phase formation,
stoichiometry changes, surface or bulk contaminants and for the depth profiling of
laterally uniform targets. Rough targets are generally considered unsuitable for such
analysis. In this research, RBS has been primarily used to extract statistical
information of the lateral non-uniformity of the sample surface from an analysis of
the shape of the backscattering spectrum [21]. The scattered spectra were recorded at
scattering angles 168o as well as 120o (glancing angle setup).
2.2.4 Transmission Electron Microscopy
2.2.4.1 Basic Concepts
Transmission electron microscopy (TEM) is a very powerful imaging technique used
to determine the internal structure of materials. In conventional TEM, a thin
specimen is irradiated with an accelerated electron beam of uniform current density.
Electrons are emitted from the electron gun and illuminate specimen through a two
or three stage condenser lens system. The transmitted electron beam is magnified
with a three or four stage lens system and viewed on a fluorescent screen. Materials
for TEM must be thin enough to transmit sufficient electrons such that sufficient
intensity falls on the screen or photographic film to give an interpretable image in a
reasonable time. Based on de Broglie’s ideas of wave-particle duality, the particle
momentum p is related to its wavelength through Planck’s constant. Thus,
p
h (2.6)
Since the electrons are accelerated in a TEM (typically above 100 kV), the
relativistic effects can not be ignored; thus,
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o 
 (2.7)
where mo is the mass of an electron at rest, eV is the kinetic energy of an electron
when accelerated trough a potential difference V, h is Planck’s constant and c is the
speed of light in vacuum. For example, at an accelerating voltage of 200 kV the
relativistic wavelength of an electron is 0.0251 Å. The minute wavelengths
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achievable with relativistic electrons make TEM an ideal tool to investigate the ion-
implanted damage at the atomic scale.
The two basic operating modes of a TEM are the imaging and diffraction modes. The
Conical ray diagrams of the two modes are shown in Figure 2.7. In the image mode
the intermediate lens is focused on the image plane of the objective lens whereas in
the diffraction mode the intermediate lens is focused on the back focal plane of the
objective lens, forming the diffraction pattern of the sample. The objective aperture
inserted in the back focal plane of the objective lens controls the contrast and
resolution by selecting transmitted and/or diffracted electrons that contribute to the
image.
The two most commonly used imaging modes are bright field (BF) and dark field
(DF) imaging. A BF image is formed by transmitted electrons whereas a DF image is
formed by diffracted electrons. Conventional TEM studies of crystalline materials
often use the diffraction contrast mechanism (which is the variation of intensity of
electron diffraction across the sample) to produce either of the images. BF and DF
images are in general complementary in nature. Features of the sample that are seen
as dark in a BF image are seen as bright in a DF image, and vice versa. For the work
presented in this thesis, the imaging mode was used to obtain information about the
gold nanocluster shape and size.
In diffraction mode, a selected area aperture is often used to obtain a diffraction
pattern from a selected area of the sample and to limit the intensity of the electrons
reaching the viewing screen. This process is termed selected area diffraction (SAD).
The diffraction patterns can be used to identify the diffracting material in much as
the same way as X-ray diffraction. The relation between the interplanar spacing of a
material and the electron diffraction pattern is given by:
LRd  (2.8)
where R is the distance from the primary beam (non-diffracted) to the diffraction
ring, λis the wavelengths of electrons, and L is the camera length. For the work
reported in this thesis, the diffraction mode was used to identify the phase of the gold
nanoclusters and the supporting silicon substrates. For a more thorough explanation
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of the basic modes of TEM and their principles the reader is referred the to texts by
Williams and Carter [13] and Egerton [15].
Figure 2.6: Conical ray diagrams of the two basic modes of operations of TEM: a)
diffraction mode and b) imaging mode. (After Williams et al [13]).
All the ex-situ plan view and cross-section TEM (XTEM) experiments on the as-
implanted and annealed samples were carried out using a 300 kV Philips CM300
microscope fitted with a W filament. The microscope is located at the Research
School of Earth Sciences, ANU. The in-situ heating XTEM work was performed
using a 300 kV Philips EM430 transmission electron microscope equipped with a
double-tilt hot-stage sample holder. This microscope is located at the Research
School of Biological Sciences, ANU. High resolution digital micrographs of the
sample annealed in-situ in EM340 were recorded using CM300 after the completion
of the in-situ heat treatment.
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2.2.4.2 Sample preparation
The samples for ex-situ plan view and cross-section TEM analyses were prepared
using standard thinning procedures [13]. In addition, a dual-beam focused ion beam
(FIB) system (XT Nova Nanolab 200) located at the University of New South Wales,
Sydney, was used to prepare XTEM samples. The FIB system was also used for
“nanomilling” to “slice and view” the Au nanoclusters.
A Dual-beam FIB operates in a similar fashion to a SEM and also equipped with a
finely focused beam of gallium (Ga) ions that can be operated at low beam currents
for imaging or high beam currents for site specific sputtering or milling. The
interaction of Ga ions sputters the surface material and exposes the sub-surface
features with a precision of < 100 nm.
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Summary
This chapter provided a brief introduction to the basic concepts of ion implantation
and the various characterization techniques employed in this work. In particular, the
two types of ion sources, MEVVA and SNICS, were discussed in detail to show the
inherent problems of the MEVVA-type source. This chapter also introduced the new
X-ray microdiffraction technique used to study shallow amorphous layers in single
crystal substrates with a 2D area detector.
The following chapter discusses the formation of self-assembled patterns of gold
nanoclusters in silicon produced by ion implantation and thermal annealing.
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Chapter 3
Initial Investigation of the Self-assembly
Process
This chapter introduces the growth of ordered self-assembled patterns of gold
nanoclusters in silicon (100) substrates, which are produced by the implantation of
gold ions followed by thermal annealing. The chapter also discusses the systematic
study of the growth and evolution of the pattern formation process as a function of
implantation dose, annealing temperature and time to identify the critical parameters
favouring this unique self-assembly process. A tentative growth model is proposed to
identify the Au nanocluster formation and the recrystallization of Au rich amorphous
Si on (100) Si substrate.
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3.1 Introduction
Au implantation in Si has been a topic of great interest from both fundamental and
applied perspectives. In recent years, ion implantation has been used to form Au
nanoparticles in a variety of host materials to take advantage of their exciting
catalytic properties. However, the application of the nanoparticles strongly depends
on the assembly in one- or two- dimensional arrangements. As discussed in Chapter
1, while major progress has been made in fabricating nanoparticles and for patterning
thin films using various top-down approaches, a general direct bottom-up method is
still not available. In this context, ion implantation is a versatile technique due to its
ability to form surface-embedded nanoparticles that provide better adhesion. Also,
being an integral part of the substrate lattice, the nanoclusters produced by ion
implantation are free from impurities and their size distribution can be controlled by
carefully optimizing the beam parameters.
This chapter discusses the growth of self-assembled spiral patterns of gold
nanoclusters in silicon substrates produced by ion implantation. During our
experiments to produce nanoclusters of Au on Si for use as seeds for the growth of
nanowires, we stumbled across this unusual pattern formation process under specific
conditions. A systematic study performed to understand the growth and evolution of
this unique self-assembly process outlines several critical questions that must be
answered to devise a growth model. Based on the furnace annealing study, a tentative
growth model is proposed to explain the formation of ordered patterns of Au
nanoclusters. The growth model is validated by the in-situ cross-sectional
transmission electron microscope which is discussed in Chapter 4.
3.2 Experimental
Single crystal p-type (100)-oriented Czochralski silicon substrates were implanted
with Au ions at room temperature to doses 1-4x1016 ions/cm2, using MEVVA-type
ion sources. The lowest possible extraction voltage of 10 keV to produce a stable ion
beam (with average energy of 20 keV) was chosen to ensure the maximum surface
concentration of implanted Au. A metal mask was used to produce 16 identical and
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well-separated zones of gold ion implanted regions, which were later cleaved for
post-implantation treatments. The samples were subsequently subjected to high
temperature treatments in an open-tube alumina furnace at temperatures ranging
from 450o – 1100o C for 30 - 120 minutes. High purity argon (Ar) was used as a
carrier gas and the flow rate was maintained at 100 cm3/min throughout the course of
heating/cooling. Before annealing the furnace was ramped up to the desired
temperature under Ar flow. The sample was then introduced and annealed for the
required time. After the completion of the heating cycle, the sample was rapidly
cooled by moving the sample to the cold end of the furnace.
After annealing, the morphology of the nanostructures was analyzed using SEM
(Philips XL 30) and AFM. The energy dispersive X-ray analysis was performed at
incident energy of 20 keV. XTEM analysis was performed on selected samples to
estimate the depth of the amorphous layer and the migration of Au atoms before and
after annealing. SAED patterns were recorded from the narrow amorphous band with
a beam spot size of 50 nm using the smallest aperture. The phase of the as-grown
nanoclusters and the underlying Si substrate was estimated using micro-X-ray
diffraction system.
3.3 Results and Discussion
Figure 3.1 shows the principal unusual finding of our work – the growth of spiral
patterns of Au nanoclusters, after heating Si (100) implanted with 3x1016 Au/cm2 at
1100o C for 60 min in 100 sccm Ar atmosphere. The un-implanted region is devoid
of such surface features. Spot EDS measurements recorded on and off a bright
cluster show that the bright clusters are Au-rich. The small oxygen peak observed in
the EDS spectra is from the thin silica (SiOx) layer formed after annealing. This
experimental artifact is produced by the presence of traces of oxygen and moisture in
the ambient Ar gas.
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Figure 3.1: Secondary electron image of Si (100) implanted with 3x1016 Au/cm2 and
annealed at 1100o C for 60 min in 100 sccm Ar. Spot EDS measurements show that
the bright regions are Au rich.
The electron micrograph also shows Au clusters of two different size distributions.
The size of the bright clusters located at the centre of the patterns range from 4-6 µm
whereas the smaller clusters fall between 100-200 nm.
3.3.1 Dose Dependence
The pattern formation process occurs only above a threshold concentration of gold in
silicon. Figure 3.2 shows the dose-dependent surface distribution of Au nanoclusters
in Si (100) annealed at 1100o C for 60 min. The self-assembly is not observed at
doses below 3x1016 Au/cm2. Figure 3.2a shows the surface morphology of the Si
(100) sample implanted with 1x1016 Au/cm2 and annealed at 1100o C for 60 min,
where the Au nanoclusters show a spatially random distribution. Such a spatial
random is quite normal and has been reported earlier in Au implanted Si [1].
Samples implanted with 2.5x1016 Au/cm2 and subsequently annealed under the same
experimental conditions (inset in Figure 3.2b) show a non-random spatial distribution
of Au nanoclusters, very different from the patterns produced by 3x1016 Au/cm2.
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Figure 3.2: Secondary electron image showing surface morphology of Si (100)
implanted with Au to doses a) 1x1016 Au/cm2 and b) 3x1016 Au/cm2 (inset 2.5x1016
Au/cm2) and annealed at 1100o C for 60 min.
3.3.2 Temperature Dependence
In order to understand this novel self-assembly process, the samples implanted with
3x1016 Au/cm2 were annealed at several temperatures above the Au/Si eutectic
melting point (363o C). Figure 3.3 shows the temperature-dependent growth and
evolution of the spiral patterns. The as-implanted Si substrate shows a smooth
topology (as shown in the inset of Figure 3.3a.) resulting from an amorphous alloy of
58 at. % Au-Si of an expected thickness of 20 nm from the substrate surface,
estimated from SRIM simulations.
The large bright clusters in the as-implanted substrate are Au rich and were identified
as liquid droplets of gold deposited on the silicon surface during MEVVA
implantation. It is well known that such liquid droplets are well known to be ejected
from the cathode spots of the MEVVA-type ion source. These gold droplets travel
with the plasma and are deposited randomly on the substrate surface. Such gold is
external to the Si surface and not implanted into the substrate lattice. These droplets
are usually called “macroparticles” to emphasize their massive size compared to the
plasma particles produced in the ion source. Because the “macroparticles” are
produced by small stationary sources, it is very difficult to perform in-flight
characterization with time and space resolution. The data reported in the literature on
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the size of the “macroparticles” refers to a size range of 0.2-100 µm [2]. These
macroparticles are an artifact of the MEVVA-type source and their number density
in the plasma was observed to increase for a low melting point cathode and for high
implantation dose [2]. With Au the largest “macroparticles” resolved in this study are
of diameter of 10 µm, consistent with previous reports.
Figure 3.3: Secondary electron image showing the change in surface morphology of
Si (100) implanted with 3x1016 Au/cm2 and after annealing at a) 450o C; b) 600o C;
c) 750o C; and d) 1100o C for 60 min. The inset in Figure (a) shows the topology of
the as-implanted substrate.
Figure 3.3a shows the early stage of formation of a small number of Au clusters
nucleated randomly across the implanted surface. After completion of the 600o C
anneal (Figure 3.3b), a large number of smaller Au clusters assemble in a spiral
pattern with a large cluster (marked by a broken arrow) at the centre of each pattern.
The morphological difference between these large clusters nucleated after annealing
and the macroparticles deposited during implantation are to be discussed in detail
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later. The radius (distance between the centre and the outermost trace of a spiral) of
the patterns is estimated to be 70 µm. However, with an increase in annealing
temperature, the size of patterns reduces by a factor of about 3 (Figure 3.3c) and still
more in Figure 3.3d. Concurrently, the pattern density (the number of patterns mm-2)
increases with increase in annealing temperature. Table 3.1 shows the change in
pattern morphology as a function of annealing temperature.
Table 3.1: Change in surface morphology of self-assembled pattern formed in Si
(100) implanted with 3x1016 Au/cm2 as a function of annealing temperature.
Temperature Avg. Pattern Size (µm) Avg. Pattern Density (mm-2)
As-implanted No patterns N/A
450o C No patterns N/A
600o C 70 25
750o C 25 125
1100o C 10 625
The increase in the trend of pattern density is attributed to the increase in nucleation
density of Au nanoclusters with temperature.
3.3.3 Role of “Macroparticles”
At this stage, it is important to recognize and differentiate the two types of micron-
sized Au particles indicated by solid and broken arrows in Figures 3.3a-d. The
micron-sized particles labeled by solid arrows are the “macroparticles” deposited
during MEVVA implantation. Figure 3.4a-c shows the size distribution, elemental
composition and morphology of the “macroparticles”. These Au-rich particles are
characterized by the lack of any depletion zone (dark region) around them. The
second type of particles, indicated by broken arrows (Figure 3.4d), are generated
during the crystallization of the amorphous silicon/gold (a-Si/Au) alloy. Unlike
MEVVA macroparticles, these micron-sized particles always have an Au-depleted
region around or near them, as shown by the EDS spectrum on the left-hand side of
Figure 3.1. It is reasonable to speculate that the Au “macroparticles” deposited
during MEVVA implantation could be responsible for nucleating some of the self-
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assembled patterns of Au nanoclusters. A combined low magnification SEM and
AFM analysis, as shown in Figure 3.4 and 3.5, confirms the following:
Figure 3.4: a) Backscattered electron micrograph showing the size distribution and
number density of “macroparticles” in Si (100) implanted with Au 3x1016 Au/cm2
(inset: 1x1016 Au/cm2); b) EDS spectrum showing the elemental composition of the
“macroparticle”; Tapping mode AFM images showing the morphology of c)
“macroparticle”; and d) a micron-sized particle generated after annealing.
a) The number density (particles mm-2) of the Au-rich “macroparticles” varies from
225 (3x1016) to 150 (1x1016) with decrease in Au implantation dose, as shown in
Figure 3.4a. These results agree well with the previous reports [2]. b) The Au
“macroparticles” do not participate in the pattern formation and retain their
morphology due to their high melting point (1064o C), as indicated by solid arrows in
Figure 3.3b (600o C) and Figure 3.3c (750o C). c) The size and surface morphology
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of the “macroparticles” do not change even after annealing at temperatures well
above the Au/Si eutectic melting point, as shown in Figure 3.5. Some of the spiral
patterns do not have a large Au particle at their centre (such as the particle near the
centre of the electron micrograph in Figure 1), and some macroparticles do not have
any spiral patterns near them (Figure 3.2a).
Figure 3.5: SEM and AFM images showing the surface morphology of the MEVVA
macroparticles after annealing Si (100) implanted with 3x1016 Au/cm2 at 750o C for
60 min.
To further substantiate the role of macroparticles in the nucleation of the self-
assembled patterns, the Si (100) samples were implanted with Au ions to a dose of
2.5x1016 Au/cm2 using a SNIC-type negative source. Unlike a MEVVA source, the
beam produced by a SNICS-type source is mass-filtered and free from large metallic
droplets (macroparticles) of the implanted ions. Figure 3.6 shows the surface
morphology of the samples implanted with 2.5x1016 Au/cm2 using both MEVVA-
and SNICS-type ion sources and subsequently annealed at 1100o C for 60 min. Thus
it can be concluded that the MEVVA “macroparticles” are not responsible for
nucleating the pattern formation, and hence will be ignored in further discussion of
the formation of the spiral patterns.
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Figure 3.6: Secondary electron image showing the surface morphology of Si (100)
implanted with 2.5x1016 Au/cm2 using a) MEVVA-; and b) SNICS-type source and
annealed at 1100o C for 60 min.
Figure 3.7 shows the X-ray diffraction patterns recorded from the samples annealed
at various temperatures. The spectra indicates that the as-implanted sample surface is
an amorphous alloy of Au-Si, since no sharp peaks due to Au or Si are visible except
a broad Si (311) peak. After subsequent heat treatment, crystalline Au phases are
formed and no polycrystalline Si or silicide phases are present.
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Figure 3.7: X-ray diffraction patterns showing temperature-dependent growth of
crystalline phases in Si (100) implanted with 3x1016 Au/cm2.
3.3.4 Time Dependence
Isothermal behaviour at 1100o C (Figure 3.8) shows the time dependence of pattern
growth and the variation of the size distribution of the Au nanoclusters with an
increase in annealing time. The size distribution of the nanoclusters calculated from
an average of three low magnification electron micrographs is shown in Figure 3.8d.
After annealing for 30 min, the majority of the nanoclusters have a diameter ranging
from 100-250nm, as shown in the graph. The width of the size distribution increases
significantly after 120 min. This behavior is consistent with the Ostwald ripening
process wherein bigger clusters grow at the expense of smaller ones. A detailed
examination of SEM micrographs at lower magnifications (Figures 3.8e and f)
reveals that the pattern density (patterns mm-2) varies with annealing time.
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Figure 3.8: Secondary electron image showing the surface morphology of 3x1016
Au/cm2 after annealing at 1100o C for a) 30 min; b) 60 min; and c) 120 min; and d)
showing size the distribution of Au nanoclusters after heating 3x1016 Au/cm2 at
1100o C for 20, 60 and 120 min. e) and f) show the growth and chirality of the spiral
patterns at low magnification.
With an increase in annealing time, the pattern density varies from 133(30), 625(60)
and 335(120) (time in min). This shows first their growth and then their dissolution
as the annealing time increases. Figure 3.8f also shows that the majority (~70%) of
the patterns emerge as clockwise spirals, with the rest running counter-clockwise.
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The regions where several spiral patterns meet show a very peculiar lamellae-like
arrangement of Au nanoclusters, as shown in Figure 3.9. Such behaviour could result
from eutectic solidification [3] of molten Au-Si liquid.
Figure 3.9: Tapping mode AFM image showing the lamellae spacing and size
distribution of the self-assembled gold nanoclusters in 3x1016 Au/cm2 implanted into
Si (100) and annealed at 1100o C for 60 min.
The post mortem technique, cross-section TEM analysis performed on the sample
implanted with 3x1016 Au/cm2 and subsequently annealed at 1100o C for 120 min is
shown in Figure 3.10. The bright field image shows the following features: a) the
presence of an amorphous silica layer (a-SiO2) of 32 nm thickness on the silicon
surface. This experimental artifact is due to the Au-induced oxidation of Si [4]
caused by traces of oxygen present in the ambient Ar gas and will be ignored for
subsequent discussion of the results. b) The as-implanted a-Si layer is fully
crystallized and no poly Si is observed. c) Gold nanoclusters of two types at the a-
SiO2/crystalline Si (c-Si) interface are observed: i) of size ranging from 50-150 nm
with lens-like shapes, and ii) much smaller clusters present all along the interface.
There may also be some defects present along the interface. The presence of Au
nanoclusters is confirmed by comparing the bright field image (Figure 3.10b) with
the dark field image (Figure 3.10c) obtained by using an Au diffracted spot in
selected area diffraction. A thin bright band of gold precipitation extending towards
either side of the nanocluster can also be observed.
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Figure 3.10: a) Cross-section transmission electron microcopy image of 3x1016
Au/cm2 implanted into Si (100) and annealed at 1100o C for 120 min. b) bright-; and
c) dark-field images showing the a precipitated gold nanocluster.
3.4 Critical Questions
In order to explain these observations, any growth model must answer the following
questions:
1) Why is the pattern formation observed only above a threshold implantation
dose (3x1016 Au/cm2) and temperature (450o C)?
2) Is it a solid phase process of SPEG (solid phase epitaxial growth)?
3) Is melting required for this process?
4) Is this a eutectic solidification process?
5) Why is a spiral pattern rather than a random distribution of Au nanoclusters
produced?
The tentative model proposed in this chapter discusses the re-crystallization
mechanism of the Au-rich a-Si and the lamellae-like arrangement of Au
nanoclusters. This discussion answers questions 1-4. The reason for spiral pattern
formation is discussed in Chapter 5.
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3.5 Tentative Physical Model
Implantation of 3x1016 Au/cm2 at 20 keV in silicon is expected (SRIM simulations)
to produce a binary amorphous alloy of composition Si- 58 at. % Au, which is far
greater than the solid solubility of Au in c-Si. Upon annealing, this amorphous layer
may crystallize either by a solid phase epitaxial growth process (SPEG) or by
eutectic solidification from a melt resulting in the formation of Au and Si
nanoclusters. It is well known that, during furnace annealing, the ion-implanted a-Si
layers recrystallize via a simple epitaxial process, as a-Si is thermodynamically
unstable in contact with c-Si. Let us consider the SPEG process first.
Solid phase epitaxial growth is sensitive to several factors, including substrate
orientation, implanted species and dose. Studies have shown that amorphous layers
on (100) substrates regrow three times faster than those on (110) substrates and about
25 times faster those on (111) orientations [5,6]. The influence of different implanted
species of low concentrations (up to about 1 at. %) on the growth kinetics showed
either enhancement or retardation of epitaxy. For example, the n-type or p-type
dopants (e.g. As, P, B) were found to significantly enhance the growth rate [7],
whereas impurities such as oxygen, nitrogen and carbon were observed to retard the
SPE growth rate [8]. It was observed that good quality epitaxy can be obtained in the
lowest dose regime, where the implanted impurity concentration is well below its
solid solubility limit in silicon.
The SPE regrowth behaviour of the high dose ion implanted (100) silicon is different
and can be complex. In this case, for most of the dopant atoms, the epitaxial growth
was observed to proceed at a much slower rate than in the low concentration regime,
and the fraction of impurity was observed to segregate to the moving amorphous-
crystalline interface and ultimately reside at the silicon surface after complete
recrystallization [9]. The redistribution behaviour was observed to be species
dependent and related to the solid solubility limit of the impurity in silicon.
It is well known that the interaction between a-Si and certain metals induces the
crystallization of silicon at temperatures below than that of its intrinsic crystallization
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temperature (600o C). Among other elemental metals that do not form silicides, Au is
known to react with Si at temperatures below 200o C, starting the crystallization
process [10]. There is evidence that this reaction can occur even at room temperature
but a long annealing time is required for a reaction to occur at this temperature [11].
Jacobson et al [12] studied SPEG of Au-implanted a-Si layers over the temperature
range of 515 - 735o C. During crystallization, Au was observed to be zone refined
into the remaining amorphous layer due to its very low solid solubility and high
diffusivity in amorphous silicon [13]. This resulted in an Au concentration that
increased as the layer became thinner. The rate of SPEG increased rapidly with Au
concentration over the range from 0.15 to about 0.50 at. %. At higher concentrations,
the rate enhancement diminished and above 0.70 at. % severe retardation of epitaxial
crystallization was observed to occur. Similar effects were observed in high dose As-
and Pb-implanted (100) silicon [14]. Since, in our case, the Au concentration is about
80 times larger, it can be safely concluded that a SPEG process can not be operating.
A melt-mediated eutectic solidification process is therefore likely to occur in this Au-
rich a-Si eutectic system.
One of the oldest known crystal-growth techniques is growth from the melt, or liquid
phase epitaxy (LPE). The characteristics of liquid phase epitaxy growth (LPEG)
processes are very different to those of the solid phase process. Hence, LPEG’s
dependence on substrate orientation, implant species and dose are very different from
SPEG [6]. It is well established that amorphous silicon layers produced by ion
implantation represent a unique metastable phase with a melting temperature
between 1050 -1150o C. As the melting temperature of a-Si is about 250o C lower
than that of c-Si [15], the amorphous layer may melt at even lower annealing
temperatures than those predicted by an equilibrium phase diagram. Figure 3.11
shows the metastable phase diagram of an a-Si/Au system reported by Stoemenos et
al [16]. We have used this pseudo a-Si liquidus to estimate the melting temperature
(the point “X” on the ordinate) of 435o C for our composition of a-Si/58 at. % Au.
This corresponds to a larger reduction from the value of 946o C (the point “Y” on the
ordinate) if the c-Si liquidus were used.
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Figure 3.11: Phase diagram of c-Si/Au system. Since the melting point of a-Si is
about 250o C lower than that of c-Si, it is expected that the liquidus is depressed in
the metastable a-Si/Au system as denoted by the dashed line. (The point ‘X’ in the
ordinate corresponds to the melting point of a-Si-58 at. % Au in our system). After
Stoemenos et al [16].
The diffusion mechanism of gold in silicon at high concentrations is very complex.
Gold is a fast diffuser in c-Si [13], and the diffusion of Au in metastable a-Si is
known to be about four orders of magnitude higher than that in c-Si and much of Au
can be gettered in to defects [17]. The diffusion of Au in liquid alloy will be still
greater by another four orders of magnitude. Solidification from the molten
implanted layer will result in formation of Au and Si clusters. Since the underlying Si
(100) surface provides instant/infinite seeding [18,19], Si separating from the melt
would lead to liquid phase epitaxial growth (LPEG). The Au meanwhile would be
solidified into nanoclusters as observed. The structure of the patterns is similar to the
growth of lamellae structures observed during the solidification of eutectic alloys [3].
The alternating phase regions with uniform spacing, as shown in Figure 3.9, are
formed due to concurrent growth of the two terminal phases of the eutectic alloy
[20]. The Si undergoes epitaxial crystallization and no poly Si clusters are observed.
This suggests that the entire amorphous silicon has melted, leading to a
polycrystalline gold structure [18].
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Our tentative model is summarized in Figure 3.12. The as-implanted surface (Figure
3.12a) consists of a 30 nm thick amorphous alloy of Si-58 at. % Au. As the annealing
begins, a small amount of SPEG and zone refining takes place till about 0.7 at. % Au
concentration is reached. The SPEG then stops (Figure 3.12b), leaving Au trapped
within the residual a-Si/Au alloy layer. At or above a critical temperature (~435o C),
the residual a-Si/Au alloy layer melts (Figure 3.12c) producing a thin meniscus (< 30
nm thick) of liquid alloy. No Au diffusion occurs in to the c-Si underneath the
original amorphous layer. However, Au may diffuse rapidly within the melt
producing a uniform composition. At the end of the anneal time, this liquid solidifies
rapidly into eutectic component phases (Figure 3.12d). Si grows epitaxially on the
underlying Si (100) and no poly Si is formed. Au segregates out of the liquid and
forms Au nanoclusters. The growth of a thin SiO2 layer at higher annealing
temperatures (Figure 3.12e) may facilitate clustering of Au droplets at the SiO2-Si
interface due to its low surface free energy.
Figure 3.12: Tentative model showing schematically: a) as-implanted layer at RT; b)
solid phase epitaxy and zone refining of Au till 0.7 at. % Au; c) melting of remaining
a-Si/Au alloy layer; d) Au nanocluster formation on solidification of the molten a-
Si/Au alloy layer; and e) formation of thin SiO2 layer at very high annealing
temperatures and wetting of Au nanoclusters at the SiO2-Si interface.
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Summary
Experimental data has been presented to show the growth and evolution of spiral
patterns of Au nanoclusters in Si under specific conditions. This unique pattern
formation is observed only above a threshold implantation dose and annealing
temperature. The results show that the melting of amorphous Si/Au alloy is essential
for the pattern formation process. When melting dose not occur no pattern formation
is observed. A tentative growth model was developed based on previous reports and
shows the recrystallization behaviour of Au supersaturated amorphous silicon on
(100) Si substrate. It is proposed that the as-implanted amorphous Si-Au alloy
crystallizes and Au diffuses out to getter/precipitate at the crystallized Si surface. The
model also suggests that the lamellae like periodic arrangement of Au and Si may be
due to the directional solidification of the Au/Si eutectic alloy.
The tentative model is validated by capturing the early stages of the pattern
formation process and by observing the recrystallization process in-situ. The reason
for the growth of spiral patterns is discussed in more detail in chapter 5.
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Chapter 4
In-situ TEM analysis of LPEG of a-Si/Au layer
This chapter discusses the crystallization of the Au-rich a-Si layer investigated
during heat treatment in a transmission electron microscope (TEM). In-situ cross-
sectional TEM was used to observe the various stages of the crystallization process
and the migration of implanted gold atoms. The correlation between the liquid phase
epitaxial crystallization of a-Si, proposed in Chapter 3, with the in-situ TEM analysis
is also demonstrated in this chapter.
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4.1 Introduction
The interaction of metal and a-Si is a subject of considerable interest to both
fundamental physics and technology. Several investigations have been performed in
the past to study the interaction of a-Si – metal thin films to induce low temperature
crystallization [1-5], a technique that was later termed metal induced crystallization
(MIC) of a-Si. Among the various metals, the interaction of Au with a-Si has
attracted much attention due to its low eutectic temperature (363o C). Hultman et al.
[1] demonstrated that thin layers of Au in contact with Si react at temperatures below
200o C, initiating the crystallization process. The authors also report that the process
can take place even at room temperature but only after long periods of time (of the
order of months). The simplest of the various binary eutectic systems is the phase
diagram of the eutectic type in which inter-metallic phases are absent and only solid
components of definite composition of the constituent elements pass directly in to the
liquid state. Despite its simplicity, the very low solid solubility and the complex
diffusion mechanism of Au in a-Si [6,7] has increasingly attracted attention to study
the dynamic events of the phase transformation and structure formation.
One of the most difficult events to investigate directly is the nucleation of a regrowth
process. This is due to the statistical nature and the minute scale on which nucleation
takes place. In this respect, in-situ cross-sectional transmission electron microscopy
(in-situ XTEM) is a powerful tool to investigate the dynamic events that occur during
the annealing of buried interfaces. Sinclair et al. [8,9] were the first to report the
possibility of studying reactions at the atomic level, at controlled elevated
temperatures, by in-situ high resolution electron microscopy. Later, Reiche and
Hopfe [10] demonstrated that in-situ hot-stage TEM can be used effectively to study
crystallization in a-Si. Si being a simple element which can be easily fabricated in
many forms, it provides an excellent means of carrying out basic scientific
experiments. Compared to ex-situ TEM, in-situ experiments are time consuming and
difficult to perform. In addition the two potential artifacts associated with in-situ
TEM study are the: i) electron beam effect (EBE) which induces damage in the
sample if the electron beam energy of the microscope is not properly chosen. As a
result, in-situ measurements of the irradiated and the unirradiated regions of the
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sample will differ; and the ii) Thin foil effect (TFE) which is attributed to differences
in the thickness of the sample. This thickness difference in the electron transparent
layer of the sample may lead to significant reduction in the advance of
crystalline/amorphous (c/a) interface. Compared with ex-situ techniques, in-situ
experiment provides direct visualization of the dynamic behaviour of the regrowth
process and facilitates continuous recording of the events. However, in-situ TEM has
several advantages compared to ex-situ TEM provided the experiment is performed
with adequate attention to artifacts.
In this chapter, an in-situ XTEM observation of Au-mediated phase transformation
of ion-implanted amorphous to crystalline Si (c-Si) is undertaken to study the
recrystallization mechanism and to model the relevant process. The Au-Si reaction
during heating and cooling was observed by in-situ XTEM. The correlation between
the temperature required for crystallization in a furnace and the heat treatment in a
microscope is demonstrated. It is well known that in order to observe reactions at or
above the buried interfaces, high quality cross-sectional samples must be prepared.
The following section briefly discusses the sample preparation methodology used for
this study.
4.2 Sample Preparation
A near-surface 35 nm wide a-Si layer was formed on single crystal p-type (100)-
oriented, Czochralski Si substrate by the implantation of 2.5x1016 Au/cm2 at 20 keV.
Following implantation, the sample and an unprocessed Si wafer of a different
thickness were cut into rectangular slabs of 3x1 mm using a Gatan ultrasonic cutter.
The sample of interest was glued face-to-face on either side of the unprocessed Si
slabs with a G-1 epoxy to form a stack with dimensions of ~3x3x1 mm3 such that the
implanted interface was kept at the centre. The stack was then cured at a temperature
~ 70o C for 120 min. The schematic of the top view of this sample stack is shown in
Figure 4.1a.
The sample was then affixed to a Pyrex stub and polished on both sides until the top
and bottom surfaces were flat and parallel. A 3 mm disc was ultrasonically cored
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from the sample stack (Figure 4.1a) and mechanically thinned to ~100 µm using
successively finer grades of silicon carbide (SiC) abrasive. The disc sample was
dimpled on one side using 3-5 µm coarse diamond paste and a Gatan dimple grinder
with 15 mm diameter wheel. This produces a concave impression in the sample, such
that the thickness of the sample at the centre of the dimple was ~20 µm. The
schematic cross-section view of the disc after dimpling is shown in Figure 4.1b. The
sample was subsequently mirror finished with a fine grade (<1µm) diamond paste.
The thinned disc sample was then placed in a Dual Ion Mill (Gatan -Model 600) for
ion beam milling. Two Ar ion beams of 1 mA current were accelerated through a
potential difference of 4 keV and oriented at 3 o and 6o respectively to the sample
surface. The disc sample was rotated at a rate of 2 rpm to evenly sputter the top and
bottom surface of the sample. The transmission of light through the sample was
monitored continuously to ensure that the sample was thinned only until perforation.
Implanted interface
3 mm(a)
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Figure 4.1: Schematic showing (a) top-view of the 3x3x1 mm3 sample stack (the
circle shows a 3 mm disc cored from the stack) and (b) cross-sectional view of the
dimpled disc.
As no metal grid was used to support the sample, there were no contaminants that
might interfere with the regrowth process. As the disc was also made Si the heat
transfer along the sample was uniform, preventing cracking. In addition, the disc also
had a large surface area of contact with the hot stage and thus good thermal contact
was established.
4.3 Experimental Details
The microstructure and phase transformation in the a-Si/Au alloy layer was studied
in a Philips EM430 transmission electron microscope equipped with a LaB6 filament
and operated at 300 keV. A resistively heated Gatan double-tilt sample holder was
used to anneal the sample at temperatures between room temperature (RT) and 650o
C in the TEM. The electron beam intensity was maintained at 200 keV to obtain
better resolution of the migration of implanted Au atoms during the annealing
process. An energy dispersive X-ray spectrometer attached to the microscope was
used for chemical analysis of the sample.
The major problem for in-situ kinetic studies is the control and measurement of the
sample temperature in the areas of interest. However, in this study the actual
temperature deviated from the measured value (recorded by a thermocouple attached
to the sample holder) by only ≤25o C. The dynamic observations reported in this
study are the “snapshots” of the process recorded on conventional TEM negatives.
After the completion of the in-situ annealing experiment, the sample was removed
100 µm
10 µm(b)
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from the TEM and high resolution imaging was carried out in a Philips CM 300
operated at an accelerating voltage of 300 keV and equipped with a digital camera.
4.4 Regrowth Analysis
Figure 4.2 shows the bright field cross-sectional TEM micrograph of an Au as-
implanted (unannealed) Si (100) sample. Ion implantation of Au at 20 keV with
2.5x1016 ions/cm2 gives a peak Au concentration of 24x1021 Au atoms/cm3 . This
occurs at a depth of approximately half the thickness of a 35 nm amorphous layer
extending from the substrate surface. The large deviation from the values estimated
by SRIM (17 nm) of the thickness of the a-Si layer and the rough c-a Si interface
(Figure 4.2a) are due to the influence of dose effects on the depth distribution of
implanted Au atoms [11]. Figure 4.2b shows the strong bright field contrast of the as-
implanted layer obtained by tilting the sample to 10o from the electron beam
propagation direction. The sample was prepared using the procedure explained in
Section 4.2.
Figure 4.2: Cross-section TEM micrograph showing the bright field image of the as-
implanted (unannealed) Si sample with 2.5x1016 Au/cm2 implanted at 20 keV: a)
image obtained with the [110] electron beam direction; and b) 10o tilt from the zone
axis.
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Figure 4.3 shows the bright field cross-sectional TEM images of the stages involved
in the melt-mediated crystallization process of the a-Si/Au alloy layer, observed in-
situ by TEM. The overall magnification of the micrographs displayed here is
1.8x105. Figure 4.3a shows the Au-implanted a-Si layer at room temperature. No
clear evidence of precipitation is visible within the limited field of view. The sample
was then rapidly heated to 225o C. Figure 4.3b shows the same area after annealing
for 120s at this temperature. No significant changes are observed. When the
temperature was increased to 450o C in 300s, Au precipitates of size 5-10 nm are
formed at the peak implanted Au concentration profile, and migrate towards the
substrate surface, as shown in Figure 4.3c. These results are in agreement with the
temperatures required for crystallization in a reaction furnace.
When the temperature is increased above 450o C, the Au precipitates become more
homogeneous, and at 650o C, the Au separates from Si and forms polycrystalline Au
islands, as shown in Figure 4.3d. The annealing experiment was terminated upon
reaching 650o C and the sample temperature was reduced to RT for high resolution
imaging. The overall heating/cooling cycle was completed in 20 min. When cooling
rapidly to RT, the liquid phase decomposes into c-Si and fine-grained Au without the
formation of any inter-metallic phases. Figure 4.3d, which was recorded after
freezing the sample from 650o C, demonstrates the growth of c-Si (white region)
bounded by zone refined Au (dark bands) from the molten a-Si/Au alloy layer.
However, no melting of the underlying Si substrate is observed at these temperatures,
which is consistent with previous reports [12].
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Figure 4.3: TEM cross sectional micrographs of a 2.5x1016 Au/cm2 in Si (100) at a)
RT (as-implanted); b) 225o C; c) 450o C; and d) 650o C. The arrowhead indicates the
Si surface.
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The heating effect of the electron beam during in-situ annealing was analyzed by
studying the irradiated and unirradiated regions of the sample. The irradiated and
unirradiated regions were of the same thickness and located on the opposite edges of
the perforation (the red region), as shown in Figure 4.4.
Figure 4.4: Picture of the TEM cross-sectional sample prepared for the in-situ
annealing experiment. The labeled points ‘a’ and ‘b’ represent electron beam
irradiated and unirradiated regions of the sample, respectively.
Figure 4.5 shows the bright field cross-sectional TEM micrograph of the electron
beam-irradiated and unirradiated regions of the sample after the completion of heat
treatment in the microscope. It is thought that the c/a Si interface (Figure 4.3c-d and
Figure 4.5a) is impeded from advancing because of the knock-on displacement
damage of the a-Si at the electron beam energy of 200 keV. Hayzelden et al. [13]
reported that the damage threshold for c-Si is ~185 keV, above which a suppression
of crystallization was observed in the field of view of the TEM. However, there is no
significant difference in the extent of Au zone refinement in the irradiated and
unirradiated regions.
86
Figure 4.5: Bright field XTEM micrographs of Si (100) implanted with 2.5x1016
Au/cm2 showing c-Si and zone refined Au after the completion of in-situ annealing at
650o C in a TEM a) irradiated region; and b) unirradiated region.
Figure 4.6 shows the high resolution bright field image of the microstructure and the
corresponding electron diffraction pattern of the regrown layer after heat treatment in
the microscope. After crystallization, the major part of the Au is positioned at the
surface but some Au is present exclusively at a depth of 20 nm from the substrate
surface, indicating the gettering of Au into ion beam-induced defects not completely
removed by the annealing process. Similar effects were observed by Leung et al. [14]
after annealing Au implanted Si at 650o C. The selected area electron diffraction
(SAED) pattern was recorded with a 32 nm electron probe across the crystallized
layer (to subtract the contribution from the underlying Si substrate). The pattern
shows spots corresponding to single crystal Si with very diffuse rings of
polycrystalline Au precipitates. The electron diffraction pattern also provides no
evidence of any inter-metallic phases.
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Figure 4.6: a) Bright field cross-sectional TEM micrograph showing Au at the top
and bottom of the recrystallized layer; and b) selected area electron diffraction
pattern showing spots corresponding to single crystal Si.
From the above results it is clear that the crystallization of a-Si starts when Au begins
to intermix and melts with a-Si at temperatures above the a-Si/Au eutectic melting
point. The melting of the a-Si/Au layer is found to occur at temperatures above 450o
C. Feedback of the released latent heat of crystallization to the crystallization process
may result in an explosive transition of amorphous material into c-Si [15]. In such a
case, the heat released during solidification at the rear side of the fast moving, thin
molten layer is transported to the front side via heat conduction through the melt and
is used for melting amorphous material. During cooling the liquid phase decomposes
into c-Si and Au islands. Au is pushed out due to its very small solubility in Si,
resulting in enrichment of Au at the surface.
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Summary
A good correlation between the liquid phase epitaxial growth model proposed in
Chapter 3 and the in-situ TEM analysis has been demonstrated. The results show that
the a-Si epitaxially crystallizes on the underlying c-Si substrate from a molten a-
Si/Au layer. The enrichment of Au at the surface is in accordance with the
thermodynamic data for c-Si and Au. In addition, the in-situ XTEM results are in
good agreement with the temperatures required for crystallization in furnace.
This experiment also shows that in-situ TEM can be successfully applied to study the
LPEG of shallow a-Si layers produced by ion implantation.
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Chapter 5
Formation Mechanism of the Self-assembled
Patterns
In this chapter, the birth and early growth stages of self-assembled Au nanoclusters
are investigated by rapid heating/freezing experiments. The resemblance of the
spontaneous pattern formation process observed in the a-Si/Au system to the
Liesegang-ring formation, prevalent in reaction-diffusion systems is discussed. The
evolution of the self-assembled patterns as a function of temperatures is shown by a
tentative two-dimensional growth model. The correlation between the experimental
results and the numerical solution to the pattern formation process in the presence of
a concentration gradient is demonstrated.
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5.1 Introduction
This chapter builds on the initial investigations of the nucleation and growth of the
Au nanoclusters and their pattern formation process discussed in Chapter 3. The birth
and early growth stages of the self-assembly process are demonstrated by the rapid
heating/freezing cycles. The rapid annealing experiments demonstrate the surface
melting process and the spontaneous formation of patterns. It is shown that the
melting of the a-Si/Au alloy layer is essential for the formation of the self-assembled
patterns. It is also known from Chapter 4 that the nucleation and growth of Au
nanoclusters is caused by the a-Si/Au reaction and rapid diffusion of sparingly
soluble Au in Si. Upon rapid solidification, the homogeneous molten alloy layer
decomposes into crystalline Si and forms an array of Au nanoparticles on the
substrate surface.
This chapter also demonstrates that ion implantation followed by rapid annealing is
capable of producing three different populations of self-assembled Au nanoclusters
in Si. The pattern formation of this non-equilibrium process is expected to originate
due to instabilities of the three scales of Au nanoclusters at elevated temperatures. A
growth mechanism is proposed to explain the periodic patterning of Au nanoclusters
as a result of self-organization caused via Turing instability. The kinetics of pattern
formation from a supersaturated solid solution (a-Si/Au alloy) is demonstrated using
numerical solutions obtained by a two-dimensional growth model, which takes into
account the nucleation, diffusion and the aggregation process. The growth model
discusses the temperature dependent diffusion process involved in surface
distributions of the Au nanoparticles and their instability after annealing.
5.2 Experimental Details
Single crystal p-type (100)-oriented, Czochralski Si substrates were implanted with
Au ions at room temperature to doses 3-4x1016 ions/cm2, using MEVVA-type ion
source. The implantation conditions employed in this work was discussed in Chapter
2. Following implantation, the samples were subsequently annealed in a rapid
thermal annealing system (AET thermal RX - ±0.5% temperature accuracy) at
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temperatures ranging from 250o – 750o C for 5-30 seconds (s). High purity Argon
(Ar) was used as a carrier gas and the flow rate was maintained at 100 cm3/min
throughout the course of the short annealing cycles. Lamp based RTA can indeed
permit high ramping rate and short diffusion times as compared to the conventional
furnace annealing techniques. In addition to RTA, in-situ scanning electron
microscopy has been used to observe the dynamic spiral pattern formation on the Si
surface directly and continuously. The video rate image of the in-situ SEM
observation of the pattern formation process was recorded by a digital camera.
The surface morphology of the Au nanoclusters was analyzed using SEM (Hitachi
S4500 and FEI Nova NanoSEM) and plan view TEM (Philips CM 300). The in-situ
SEM analysis was performed using an environmental scanning electron microscope
(FEI Quanta 200 ESEM) in Ar ambient. The statistical distribution of the different
populations of Au nanoclusters was determined by analyzing the shape of the RBS
spectra. The X-ray mapping analysis was performed at incident electron energy of 10
keV in a SEM (resolution: 512 x 512 pixels). The phase of the as-grown Au
nanoclusters and the underlying Si substrate was estimated using micro-X-ray
diffraction system.
5.3 Early Growth Stages of the Periodic Patterns
5.3.1 Temperature Dependence
Figure 5.1 shows backscattered electron images of the birth of Au nanocluster
patterns after rapidly heating 3x1016 Au/cm2 in Si (100) to temperatures 450o – 750o
C for 30s in Ar atmosphere. Figure 5.1a shows the formation of several Au-rich
clusters (marked by broken arrow) nucleated randomly across the implanted surface
after heating to 450o C. These micron-sized Au-rich clusters are generated during the
crystallization of the a-Si/Au alloy.
After the completion of 540o C anneal, a large number of smaller Au nanoclusters
ensemble into contiguous rings of particles with a micron-sized Au-rich cluster at the
origin, as shown in Figure 5.1b. The large cluster at the origin is surrounded by a
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random distribution of Au particles and the ring structures develop only further from
the origin. The uniform spacing between the adjacent discontinuous rings is
estimated to be ~5 µm. However, with an increase in annealing temperature, the
spacing between the rings increases by a decrease in the annular width of the
periodic bands.
Figure 5.1 – Temperature Dependence: Backscattered electron micrographs
showing surface morphology of 3x1016 Au /cm2 implanted into Si (100) after rapid
thermal annealing for 30s at a) 450o C; b) 540o C; c) 600o C; and d) 750 o C.
Figure 5.1c shows that the whole system evolves in an ordered manner after 600o C,
with the spacing between the rings increasing more rapidly near the origin than it
does at a greater distance. Concurrently, the pattern density (patterns mm-2) increases
from 39 (540o C) to 58 (600o C). After heating to 750o C the inter-particle spacing in
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the rings increases and the system reaches its equilibrium state by the growth of
larger Au nanoclusters at the expense of smaller ones (Figure 5.1d).
The composite secondary electron and X-ray maps (Figure 5.2) of the sample
annealed at 540o C for 30s shows the composition of the self-assembled patterns. X-
ray maps are simply two-dimensional images that show variation in chemical
composition on the sample surface, where each map represents a single element. The
X-rays emitted from a depth of 1.5 µm (with an acceleration voltage of 10 keV) from
the sample surface shows the surface composition than the underlying bulk Si
substrate. The small carbon peak is due to the deposition of impurities volatized by
the scanning electron beam. The oxygen peak is from the thin oxide layer produced
during annealing or sample handling. Figure 5.2c and d shows the X-ray image of Au
and Si.
Figure 5.2: X-ray mapping showing the composition of a spiral pattern after
annealing Si (100) implanted with 4x1016 Au /cm2 at 540o C for 30s: a) secondary
electron image; b) Energy dispersive X-ray spectrum; c) X-ray image of Au; and d)
X-ray image of Si.
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Figure 5.3 shows the X-ray diffraction patterns of the as-implanted and after the
completion of rapid annealing at temperatures from 450o – 750o C for 30s. The
diffracted spectra indicate that the as-implanted sample surface is an amorphous
alloy of Au-Si since no sharp peaks due to Au or Si are visible. No additional Au
peaks are observed even after annealing at 450o C. However, with increase in
annealing temperature, several crystalline Au phases are formed and with no inter-
metallic phases. These measurements comply with the X-ray mapping results.
Figure 5.3: X-ray diffraction patterns showing the temperature dependent growth of
Au nanoclusters in Si (100) implanted with 4x1016 Au /cm2.
5.3.2 Time Dependence
The time dependent nucleation and growth of the periodic patterns was observed in-
situ in an environmental scanning electron microscope (ESEM). Si (100) substrate of
size 1 cm2 was glued to a silver painted alumina boat and mounted on the heating-
stage of the ESEM. The temperature of the sample was measured from the bottom of
the stage by a k-type thermocouple. The sample was heated to the desired
temperature in two steps. Firstly, the sample was ramped directly to 250o C in 30s
and allowed to stabilize. The temperature was then incremented by 100o C steps up
to 650o C with high purity Ar flowing throughout the experiment. The video rate
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image of the temperature and time dependent (T-t) growth of the self-assembly
process (shown in Appendix A) was recorded using a digital camera mounted inside
the sample chamber at an angle of 45o to the sample surface.
The isothermal behaviour at 650o C is shown in Figure 5.4. The ‘snapshots’ were
extracted from the video rate image upon reaching 650o C and shows the time
dependent formation and evolution of the periodic patterns.
Figure 5.4: Secondary electron micrographs showing the surface morphology of
4x1016 Au/cm2 in Si (100) during in-situ annealing in an ESEM at 650o C: a)
snapshot recorded at time t = 0s; b) after t = 15s; c) after t = 90s; and d) after t =
200s. (Scale bar: 10 µm).
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Figure 5.4a shows the surface morphology at T=650o C and t = 0s. The sample
shows a smooth topology similar to the as-implanted surface. However, after
prolonged annealing at the same temperature for 15s (Figure 5.4b), several thick
alternate bands develop and continue to grow further, as shown in Figure 5.4c.
Figure 5.4d shows the growth of bigger Au nanoclusters from the smaller ones with
increase in time. After t = 180s, the self-assembled periodic patterns filled the whole
field-of-view (100x100 µm). No further growth was observed even upon prolonged
heating (e.g. up to 300s). The sample was then allowed to cool down to room
temperature. The actual temperature quoted here is nominal, measured by a
thermocouple attached to the bottom of the sample holder. So, it is expected that the
actual temperature in the field of view is about 50-75o C lower, because of thermal
gradients. However, observation at this particular nominal temperature is
reproducible.
5.4 Spontaneous Pattern Formation
5.4.1 Rapid Diffusion of Au in Si
The in-situ SEM annealing experiment demonstrated the T-t dependent nucleation,
growth and evolution of the self-assembled Au nanoclusters. However, an improved
understanding of the nanocluster formation from the molten a-Si/Au layer due to the
rapid diffusion is essential to devise a growth model. In this context, this section
discusses the rapid diffusion of Au in molten Si and the formation of Au nanoclusters
of varying size distributions on Si substrate. It is expected that the competition
between diffusion and consumption of the array of the three-scales of Au
nanoparticles may subsequently give rise to this unique periodic pattern formation.
Figure 5.5 shows a scenario of spontaneous growth of self-assembled Au
nanoclusters after the completion of 750o C anneal. Figure 5.5a shows the rapid and
complex diffusion behaviour of Au in molten Si and the formation of self-assembled
Au nanoclusters after annealing for 5s. The size of the nanoclusters range between
250-500 nm, calculated from an average of three micrographs of similar
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magnifications. No significant difference can be observed in the size distribution
even after prolonged annealing for 30s (Figure 5.5b). This process obeys the relation
Dtx  (5.1)
where, x is the distance covered by diffusion of Au with a diffusion coefficient D in
time t. However, high magnification SEM and TEM micrographs revealed the
spontaneous growth of Au nanoclusters of three different populations.
Figure 5.5: Backscattered electron micrographs showing surface morphology of
4x1016 Au /cm2 implanted into Si (100) after rapid annealing at 750o C for a) 5s; and
b) 30s.
5.4.2 Tri-modal Distribution of Au Nanoclusters
Figure 5.6 shows the growth of tri-modal distribution of Au nanocluster from the
molten a-Si/Au alloy layer after heating 4x1016 Au/cm2 at 750o C for 30s. The high
magnification electron micrograph (Figure 5.6a) shows the two generation of
nanoclusters of the size range 250-500 nm and 50-100 nm resolved in a SEM. The
resolution limited third generation of Au nanoclusters, as shown by the plan view
TEM micrograph in Figure 5.6b-d, is of the size range 3-10 nm. The estimation of
the size distribution of the three-scales of Au nanoclusters is potentially limited by
the requirement of large number of electron micrographs to obtain a better statistics.
Hence, RBS has been employed to obtain quantitative information about the lateral
non-uniformity of the sample surface after rapid thermal annealing.
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Figure 5.6: High magnification a) SEM; and b-d) plan view TEM micrographs
showing three-scales of Au nanoclusters in Si (100) implanted with 4x1016 Au/cm2
and rapidly annealed at 750o C for 30s.
5.4.3 Estimation of Size Distribution Statistics by RBS
RBS has emerged as a powerful analytical tool to investigate the distribution profile
of heavy elements in light substrates. Several geometrical set-ups have been
employed to overcome the limitation of detector resolution to obtain better depth
resolution [1-3]. It has been applied to detect the kinetics of phase formation,
stoichiometry changes, surface/bulk contaminants and for depth profiling of laterally
uniform targets. Rough targets, on the other hand, are often considered as unsuitable
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for such analysis. Thirty years ago, Campisano et al [4] drew the attention of
scientific community to solve the ambiguity in RBS spectrum interpretation of
laterally non-uniform targets. Following his work, in mid 90’s, Marin et al [5]
developed an algorithm to extract lateral non-uniformity statistics by analyzing the
shape of RBS spectra.
In this section the statistical information of surface fraction of different populations
of Au nanoclusters segregated to substrate surface from the shallow near-surface a-
Si/Au alloy produced by ion implantation and thermal annealing is discussed. The
quantitative information about the lateral non-uniformity of the sample surface is
estimated by analyzing the shape of the RBS spectra. The values determined by RBS
are in good agreement with the electron microscopy results. This study shows the
capability of RBS in obtaining quantitative information on size distribution of
nanoclusters of heavy elements embedded in light substrates.
Rutherford backscattering with 2 MeV 4He+ ions was used to evaluate the surface
fractional distributions of Au nanoclusters of different populations. The detector
(FWHM resolution = 17 keV) was positioned at a backscattering angle of 110o
(glancing angle to the sample surface) to obtain better depth resolution from the
shallow amorphous region. The beam section was maintained large enough (1 mm2)
to contain a statistically representative sampling of the target (4 mm2) to ensure a
single spectrum is representative of the sample.
Figure 5.7 shows the backscattering spectra of Si (100) implanted with 4x1016
Au/cm2 obtained with 2 MeV He+ ions. The spectrum obtained from the as-
implanted (un-annealed) sample shows a well defined Gaussian distribution of a 30
nm near-surface a-Si/Au alloy layer, which fits well with the simulation spectrum.
The small tail of Au profile in the as-implanted sample is due to the random size and
spatial distribution of the Au “macroparticles” deposited during MEVVA
implantation. The inset in Figure 5.7 shows the RBS geometry employed for this
study.
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Figure 5.7: 2 MeV He+ RBS spectra showing Si and Au profile of Si (100)
implanted with implanted with 4x1016 Au/cm2. The solid black line corresponds to
the as-implanted experimental spectrum and the broken line (---) corresponds to the
simulation spectrum.
Figure 5.8 shows the composite RBS spectra of the samples before and after rapid
heat treatment. The Au profile after annealing at 450o C shows no significant
deviation from the initial Gaussian distribution. However, with increase in annealing
temperature, a small Au tail develops and extends towards the Si edge. This shows
the onset of Au out-diffusion to the substrate surface. The Au tail developed with
increase in annealing temperatures is merely due to the lateral non-uniformity of the
substrate surface. However, the Si profile shows no change in concentration with
depth and confirms backscattering from the surface. It also shows that the variations
of the structure and composition are not so microscopic that no difference with the
approximation of a homogeneous medium can be detected.
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The energy of the He+ ions backscattered from a laterally non-uniform target is
affected by the geometrical effects of the sample surface. Smaller clusters lead to less
energy loss resulting sharp step to the leading edge of the element to drop to zero
rapidly whereas, clusters of larger size cause the energy to decrease to zero more
gradually [6]. Similar effects were observed by Campisano et al [4] in a laterally
non-uniform lead (Pb) thin film on Si. The presence of three generations of Au
nanoclusters of different sizes after 750o C is shown by a strong decrease in the Au
yield and a gradual decrease in the intensity towards lower energies. After annealing
at 750o C, the out-diffused Au condensed into small islands, leaving free a large
potion of underlying Si substrate.
Figure 5.8: 2 MeV He+ RBS spectra showing the Au profile of Si (100) implanted
with implanted with 4x1016 Au/cm2 and subsequently annealed at various
temperatures for 30s. The solid line corresponds to the as-implanted substrate; (*)
corresponds to 450o C; (---) broken line corresponds to 540o C; (□ and ♦) 
corresponds to 750o C.
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The dissimilarity in size distribution of the Au nanoclusters cause a gradual decrease
(“droop off”) in the intensity of the Au signal from the surface edge towards the
lower backscattering energies. By analyzing the shape of the Au profile before and
after annealing, it is estimated that after heating at 750o C, it is estimated that Au
nanoclusters of the size range 400-500 nm covers 70% of the total surface area
fraction of 12% Au on Si surface. The sharp surface Au peak in the RBS spectrum
(Figure 5.9) shows the surface fraction of Au nanoclusters of size range 50-75 nm on
Si. The FWHM of the surface peak shows the narrow size distribution of the smaller
Au nanoclusters (second and third generations).
Figure 5.9: 2 MeV He+ RBS spectra showing Si and Au profile of Si (100)
implanted with 4x1016 Au/cm2 before and after annealing at 750o C: The solid line
corresponds to as-implanted substrate; (--) dashed line corresponds to 750o C for 5s;
and (□) corresponds to 750o C for 30s.
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5.5 Formation Mechanism
5.5.1 Pattern Formation in Non-equilibrium Systems
Reactions far from equilibrium may exhibit various phenomenon of temporal and
spatial self-organization. A particular example is the formation of Liesegang rings
(LR) or bands prevalent in chemical reaction-diffusion systems [7]. Such patterns
typically develop when one of the reactant diffuses in a gel uniformly filled within
the second reactant. The formation process of LR involves diffusion, nucleation,
grain growth, and reservoir depletion in aqueous state [8]. The most important
variable for ring formation is believed to be not diffusion but nucleation. As a result,
a propagating wave emanates from the interface of the two species, leaving behind
periodic bands. An example is shown in Figure 5.10 from [9], which shows a two-
dimensional precipitation pattern of PbI (dark regions) in agarose gel resulting from
a reaction between soluble electrolytes of KI and Pb(NO3)2.
Figure 5.10: A typical Liesegang Ring pattern formed in a precipitation system
(after Ripszam et al [9]).
Interest in spatially periodic precipitation has spanned the last century. Theoretical
predictions of the Liesegang pattern geometry in reaction-diffusion systems were
formulated by Prager [10], Venzl et al [11,12], Feeney et al [13] and several others.
The most recent one was developed by Chopard et al [14] in which a reaction-
diffusion cellular automate model was proposed to show different types of possible
patterns using a phase diagram.
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Although periodic pattern formation is commonly observed in aqueous state, a
previous study has demonstrated a connection of LR with the spontaneous formation
of micrometer size periodic patterns of solid nanocrystalline titania (TiO2) by counter
diffusion chemical vapor deposition (CVD) using titanium chloride (TiCl4) and water
(H2O) in mesoporous glass [15] (Figure 5.11).
Figure 5.11: Selected periodic patterns of TiCl4 (left) and solid nanocrystalline TiO2
patterns (right) developed long after the commencement of nucleation in TiCl4+H2O
reaction-diffusion system. Top to bottom in shows the instability as a function of
increasing order of nucleation and growth rates (after Bhattacharya et al [16]).
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One possibility for stationary periodic pattern in materials deposition was originally
proposed by Turing. In this mechanism, a spatially uniform solution of the diffusion-
reaction equations becomes unstable to spatial perturbations giving rise to stationary
patterns by an activator-inhibitor self-organization mechanism due to competition of
diffusion and autocatalytic (activator-inhibitor type) chemistry. If the product of the
reaction serves as a precursor of nucleation and growth, it can imprint its periodic
pattern into a solid deposit. However, a major challenge in experimental
manifestation of such diffusion-reaction instabilities is that the ratio of diffusivities
of the inhibitor and activator is usually large (e.g., an order of magnitude difference).
Such difference cannot be achieved easily in gas and liquid-phase systems with
species of similar molecular weights. Despite an exhaustive study of LR
phenomenon by several researchers, the mechanism responsible for the periodic
pattern formation in the traditional aqueous system can not completely explain the
stationary solid periodic patterning of nanocrystalline TiO2.
The stationary periodic deposit formation in materials deposition is expected to
originate by Turing instability, where a spatially uniform solution of the diffusion-
reaction becomes unstable to spatial perturbations giving rise to stationary patterns
by an activator-inhibitor self-organization mechanism. This mechanism is dominated
by a competition between diffusion and autocatalytic chemistry. If the product of the
reaction serves as a precursor of nucleation and growth, it can imprint its periodic
pattern into a solid deposit [16].
A major challenge in the experimental manifestation of the above mentioned
mechanism is that the ratio of diffusivities of the inhibitor and activator has usually
to be large. Such a difference cannot be achieved in gas or liquid phase systems with
species of similar molecular weights. Moreover, the substrate is expected to be
porous with molecular sieves to achieve large difference in diffusivities. Solid phase
systems, on the other hand, can provide reaction-diffusion systems with large
difference in diffusivities that may subsequently exhibit self-organized periodic
patterns.
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5.5.2 Relevance to Liesegang Patterns
The observed self-assembled patterns of Au nanoclusters bear resemblance to the
Liesegang ring formations prevalent in chemical reaction-diffusion systems. The
patterns formation appears to be strongly dependent on the solute (Au) concentration
and nucleation probability. The larger clusters nucleate first and keep growing while
numerous small ones may nucleate much later. After nucleation has taken place in
some region the nucleated particles grow and thereby deplete the solute
concentration in the vicinity by diffusion transport. This effect is considered to stop
the spatial continuation of nucleation. The “events” at one deposit site are influenced
by events at neighbouring deposit sites. This is so because each new deposit formed
affects the concentration profiles over some distance on all sides of it. Thus we may
be able to rationalize the formation of concentric rings with depletion zones between
them. When such an initial (early) nucleation barrier does not exist, random
nucleation/growth of nanoclusters would result rather than the ring pattern. The dose
dependent pattern formation (Figure 5.12) may be due to the fact that LR patterns
form in a narrow concentration window.
Despite the similarity of LR patterns with the self-assembly process of Au
nanoclusters, the theoretical models developed for aqueous state can not completely
explain the evolution of periodic patterns of Au nanoclusters with increase in
annealing temperature. It is believed that the periodic pattern formation in the a-
Si/Au binary system may be due to the diffusion-reaction instability, a situation that
is often met at elevated temperatures. Yang et al [17] reported such pattern formation
in arising from interactions of Turing instabilities reaction-diffusion systems. In
addition, the large diffusivity of Au in molten Si may facilitate the spontaneous
growth of self-assembled patterns.
In this regard, the following section discusses the kinetics of the patterns formation
after annealing at elevated temperatures. The two-dimensional growth model
developed by Fletcher [18] introduces a set of reaction-diffusion equations to obtain
a numerical solution for the diffusion and growth equations for a specific quasi-
random particle pattern. It is suggested that the Au nanoclusters exhibit circular
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patterns to represent a stable growth situation. The breaking of symmetry of a ring
structure may be due to the local concentration fluctuations that may subsequently
give rise to spiral patterns. The semi-quantitative growth model proposed in this
study suggests that the diffusion-like transfer of material between the Au droplets of
different size distribution during annealing develops a long-range Liesegang-ring like
structures.
Figure 5.12: Backscattered electron micrographs showing Au concentration
dependent pattern formation after annealing Au implanted Si (100) at 750o C: a)
1x1016 Au/cm2; b) 3x1016 Au/cm2; c) 4x1016 Au/cm2; and d) 5x1016 Au/cm2.
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5.5.3 Tentative Growth Mechanism
5.5.3.1 Diffusion Process in 1D
The diffusion process involved in a full two-dimensional (2D) array of Au particles
that subsequently exhibit a Liesegang-ring structure is rather complicated. The aim
of this first section is to demonstrate the diffusion process of a linear array (1D) of
Au particles. The particles are assumed to be of identical in size, with the exception
of the particle at the origin which is larger. Under the influence of the annealing
process there is a diffusion-like transfer of materials between the particles, which
results in a long-range ordered structure. A numerical solution of the diffusion
equations involved in this one-dimensional model is generated by a computer
program developed by Fletcher [18], which is described below.
In the initial state of the system, a particle in the linear array is assumed to consist of
n atoms arranged in a straight line in a slightly supersaturated environment. Suppose
at a set temperature if the whole system is in equilibrium except the particle at the
origin which is slightly bigger and has a lower solution concentration in its vicinity,
then it implies a relation of the form
)exp(
n
cc o
 (5.2)
where c and co are the dissolved concentration and saturated concentration of the
particle at the temperature respectively, and αis a constant inversely proportional to
temperature.
When the annealing process starts there is the possibility of random initiation of atom
transfer between particles. Because the particle at the origin is larger than the others,
this will then govern the diffusion process. If the size of the larger particle at the
origin is i, and the separation of the i+1 particle is a, then the diffusion gradient
transferring material between particles i+1 and i is
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and there is similar relation for transfer between particles i-1 and i. Since there is
symmetry about the origin, the numerical simulation is confined to the region where i
> 0 (say 1,2,3…n).
Particle Growth Process in 1D: During the annealing process, the particle at the
position 1 loses material to the larger particle at 0 and decrease in size. This
reduction in size of particle 1 allows it to lose material to particle 2. Because particle
2 is now larger than particle 3, it also gains materials from that particle, which
decreases in size, also losing material to particle 4. This process continues until
particle 1 completely disappears. Now there is a large particle at position 0, no
particle at position 1, a slightly larger than the normal particle at position 2, and a
slightly smaller particle at position 3. The small changes in the particle size at greater
distances can be ignored for the moment.
In the next stage, particle 0 grows at the expense of particle 2 but at a slower rate
because of the greater separation distance a. After some diffusion, particle 2 begins
to loss mass, both to particle 0 and to particle 3. This particle which is closer to
particle 2 and has a larger diffusion gradient gains mass at a faster rate than particle
0. This process continues until particle 2 completely vanishes, by this time particle 3
may be quite large, having acquired material from particle 2 and particle 4. This
process repeats depending on the particle size, separation, diffusion gradient, etc. As
a result every second particle from the origin will be eliminated but this extends to
only a small number of particles, depending upon the size advantage of the particle at
the origin and the time allowed for diffusion process. The numerical solution
produced by the computer program written in Microsoft QuickBasic [18] behaves
just as predicted. The extension of this growth model to simulate 2D patterns, the
results being a series of rings, is discussed in the following section.
5.5.3.2 Diffusion Process in 2D
An initial extension of the 1D growth model is to use continuous rings instead of
particles in 2D, because the analysis then becomes essentially 1D though the
diffusion equation will give logarithmic concentration gradients. A proper treatment
of the 2D case, however, involves breaking the rings into individual particles and
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considering their growth. For the 2D case, the distribution of particles is not purely
random, since they are the result of a nucleation process which reduces the
probability of nucleation of a new particle close to an existing one. The particle
separation is therefore more nearly equal than would be expected for a purely
random 1D nucleation process.
For the initial investigation it is reasonable to neglect the angular variation of the ring
patterns (causing spiral growth) and assume that the system consists of continuous
rings of particles with a large particle at the origin. The properties of the particles
within a given ring are taken to all be the same, each particle in the ring having a
radius a. The shape of the Au particle on Si is taken as a simple spherical dome with
n number of atoms per unit volume in a particle. The total number of atoms in a
particle is then γ1na3, where γ1 is a numerical parameter of order unity determined by
the geometry of the particle and the contact angle on the substrate. Of these atoms, a
number γ2na2 are located on the surface of the Au particle or at the particle/substrate
interface. These surface atoms have a higher free energy than the bulk. The average
surface free energy of the atoms in an Au particle, relative to the equilibrium value
for bulk material, is thus
ana
nana 

  13
1
2
2
3
1 (5.4)
where σ is the surface free energy per atom and γ is a new numerical parameter of 
order unity. If ca and c∞are the equilibrium solute concentrations in the particle and
in the substrate at the temperature of interest, then by equating the average Gibbs free
energy of the particle to that of the surrounding solute concentration leads to the
relation




  kTa
acca
exp (5.5)
As a further simplification in the theory, it is adequate to approximate this process as
the free-space diffusion between two rings involved. This is a very rough
approximation for rings that are in contact (Figure 5.13a), but becomes more nearly
applicable if the rings are spaced apart (Figure 5.13b). Then the diffusion field
between rings r1 and r2 has the form
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 HrGrc  ln (5.6)
where H is another constant, G is Gibbs free energy and r2 is the ring closest to r1
that still has a non-zero particle size. Matching this result with the equilibrium solute
concentrations at rings r1 and r2 as given by (5.5) gives
 
12
1221
lnln
lnln
rr
rrcrrc
H 
 (5.7)
The diffusion flow in the substrate towards the smaller of the two rings is therefore
 G
dr
rdcr  22  (5.8)
Where G is defined as
pVTSUG  (5.9)
Figure 5.13: Backscattered electron micrographs showing the spatial distribution of
the Au nanocluster rings self-assembled after annealing 4x1016 Au/cm2 for 540o C
for 30s: a) low magnification image showing that rings are in contact at a distance
farther apart from the centre; and b) high magnification image showing the distance
between the rings that are spaced apart.
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The equations (5.5), (5.8) and (5.9) together form the basis for numerical calculation
of the evolution of particle sizes in the rings spanning the field. The graphical
simulation of the process is shown in Appendix B. The computational results also
suggests that the whole system evolves in an ordered manner, with spacing between
rings increasing more rapidly near the origin than it does at a greater distance. The
numerical simulations obtained from the equations show that after a sufficient length
of time the particles in many of the rings disappear, leaving a set of widely spaced
rings which persist for a long time. Ultimately all these rings probably may vanish
and their content moves to the large particle at the origin, but the time for this to
occur may be extremely long compared with that for the initial development of a
spaced ring structure.
While in an ideal situation these rings should be circles, this represents an unstable
growth situation. However, if one particle in the ring is closer to the centre than are
its neighbours, then it will more quickly consumed by the large particle in the centre.
If then one of its neighbours in the ring is smaller than the other neighbour, then this
will too disappear more rapidly so that the tangent to the ring will be slightly sloped
in this situation. This process may initiate a spiral growth.
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Summary
Experimental data has been presented to confirm that the melting of a-Si/Au alloy
layer is essential for the pattern formation process. The rapid annealing experiments
demonstrated the spontaneity of the pattern formation process and their instability at
elevated temperatures. The choice of annealing temperature and time is found to
affect the pattern formation process, an effect that is attributed to the nucleation and
growth of Au nanoparticles after annealing. For the first time, a connection of
Liesegang ring phenomena, with the spontaneous formation of micrometer size
periodic patterns of Au nanoclusters produced by ion implantation and thermal
annealing is demonstrated. A numerical solution to show the evolution of particle
size as a function of temperature has been obtained by a two-dimensional growth
model. Although the rather semi-quantitative examination of the process involved in
pattern development during the surface annealing process is not rigorous, it does
provide an improved understanding of pattern formation due to Turing instability in
reaction-diffusion systems. The potential of using such diffusion-reaction instability
for patterning of materials has not been explored yet.
Compared to existing nanofabrication techniques, patterning based on reaction-
diffusion processes may offer a single step approach with improved control of
microstructures at varying length scales.
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Chapter 6
Concluding Remarks
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6.1 Conclusions
This thesis demonstrated the novel self-assembly process of Au nanoclusters in Si
(100) substrates during the phase separation of the a-Si/Au binary alloy produced by
ion implantation. The formation, growth and evolution of the self-assembled periodic
patterns were investigated through a systematic temperature and time dependent
study.
This unique pattern formation was observed only above a threshold implantation
dose and annealing temperature. Experimental data has been presented to show that
the melting of the near-surface a-Si/Au alloy is essential for the pattern formation
process. When melting dose not occur no pattern formation was observed. A
tentative growth model has been developed based on previous reports to show the
recrystallization behaviour of Au supersaturated amorphous silicon on (100) Si
substrate. It has been proposed that the as-implanted a-Si-Au alloy crystallizes and
Au diffuses out to getter/precipitate at the crystallized Si surface. The tentative
growth model was validated by observing the recrystallization process in-situ in a
TEM.
The in-situ XTEM results showed the liquid phase epitaxial crystallization of the
near-surface a-Si from the molten a-Si/Au layer. It is believed that the crystallization
starts when Au begins to intermix and melts with a-Si at temperatures above the a-
Si/Au eutectic melting point. The enrichment of Au at the surface after crystallization
is in accordance with the thermodynamic data for c-Si and Au. Thus the in-situ
annealing experiment showed that the self-assembly process of Au in Si is not a solid
process, thereby answering questions 2 and 3 listed in Section 3.4. In addition, the in-
situ XTEM results are in good agreement with the temperatures required for
crystallization in reaction furnace.
The early growth stages of the patterns showed the spontaneity of the process. It is
hypothesized that the spontaneous formation of Au nanoclusters may be due to the
rapid diffusion of Au in a-Si. The patterns generated by the metastable a-Si/Au
system at elevated temperatures bear resemblance to the Liesegang ring structures
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prevalent in chemical reaction-diffusion systems. The dose dependent growth of self-
assembled patterns may be due to the concentration dependent formation of various
forms of spatiotemporal periodic patterns in non-equilibrium systems. However, the
theoretical models available in the literature to explain LR patterns in aqueous state
can not completely explain the evolution of periodic patterns of Au nanoclusters with
increase in annealing temperature. It is believed that the periodic pattern formation in
the a-Si/Au binary system may be due to the diffusion-reaction instability, a situation
that is often met at elevated temperatures.
The pattern formation in surface distributions of Au particles at elevated
temperatures has been demonstrated by a tentative two-dimensional growth model.
Under the influence of the annealing process there is a diffusion-like transfer of
material between the pseudo-random spatial distributions of Au particles, which may
subsequently exhibit a Liesegang ring-like structure. Due to the complex geometry of
the distribution process in two-dimension and the resulting diffusion field, a solution
for the diffusion and growth equations has been obtained only by a numerical
solution. It is to be noted that the tentative growth model has been developed based
on several major simplifying assumptions.
The numerical simulations obtained from the equations showed that after a sufficient
length of time the particles in many of the rings disappeared, leaving a set of widely
spaced rings which persist for a long time. Ultimately all these rings probably may
vanish and their content move to the large particle at the origin, but the time for this
to occur may be extremely long compared with that for the initial development of a
spaced ring structure. Although the rather semi-quantitative examination of the
process involved in pattern development during the surface annealing process is not
rigorous, it does provide an improved understanding of pattern formation due to
Turing instability in reaction-diffusion systems.
For the first time, self-assembled pattern formation in the Au/Si binary system has
been experimentally demonstrated and a systematic study has been performed to
understand this unusual complex diffusion mechanism. An improved understanding
of this bottom-up self-assembly process may facilitate single-step patterning over
large length scales.
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6.2 Future Work
Meso-scale self-assembly is an emerging branch of science based on the integration
of objects in the micrometer to millimeter size range. Recently it has been employed
to self-assemble ‘receptor’ molecules on a plastic substrate for flexible electronics
Despite a significant progress in developing several templated and nontemplated
self-assembly techniques for producing ordered arrays of nanostructures, an
important technological challenge that remains is to develop effective ways to
selectively nucleate and control these nanoscale components on solid substrates. This
has led to a new technique that utilizes ion implantation to produce ordered arrays of
metallic nanoclusters on Si substrates. The unique self-assembly process observed in
the Au/Si binary system may facilitate novel direct bottom-up patterning of metallic
nanoclusters on Si substrates. However, the mechanism involved in this self-
assembly process is complex and much remains to be understood about the materials
synthesis, alloy decomposition and instability at elevated temperatures. An improved
understanding of this novel bottom-up self-assembly technique in combination with
the surface patterning techniques can facilitate single-step multi-scale patterning of
Si substrates.
The discovery of self-assembled patterns in solid phase binary system (Au/Si) and
the knowledge obtained from this study can be employed to explore similar systems
to facilitate direct bottom-up self-assembly. In contrast to other rapid diffusers, such
as Cu [1,2] in Si the Ag/Si binary system is a simple eutectic with no inter-metallic
phases present [3]. The striking similarity of Ag with Au in a-Si is that Ag appears to
be highly mobile with a much lower solid solubility than Au. Moreover, from a
functional point of view the study of Ag in Si is interesting owing to its non-liner
optical properties and surface-enhanced Raman scattering [4]. It is also worthwhile
to investigate the phase separation of binary alloys fabricated by vapour-phase co-
deposition systems.
The novel approach of using ion implantation to fabricate three-scales of
nanoclusters can facilitate controlled growth of zero- and one-dimensional
nanostructures. The use of RBS as an alternative approach will provide a better
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statistics of the nanoclusters of varying size distribution on a solid substrate over
large areas compared to high magnification electron microscopy images.
Theoretical modeling of materials is an important and fundamental aspect of
materials science that will become even more important in the future. An improved
understanding of this unique self-assembly process will facilitate direct bottom-up
fabrication of patterned metallic nanostructures on Si substrates. The fundamental
insight provided by this work, including the influence of competition between the
nucleation, diffusion and consumption of the nanoclusters will contribute to develop
a comprehensive growth model of this important physical process. The development
of a comprehensive growth model can also provide an improved understanding of the
interactions of supersaturated metal/a-Si alloys at elevated temperatures in confined
geometries (thin films/shallow near-surface layers). An improved understanding of
this self-assembly process, including the influence of the local spatial perturbations
on pattern nucleation, growth and their instability at elevated temperatures can
contribute to control the spatial uniformity of the patterns.
In summary, this unique bottom-up self-assembly approach will offer a wide range of
possibilities to patterning semiconductor substrates at dimensions inaccessible to
traditional lithographic techniques. This technique in combination with the
conventional and unconventional surface patterning techniques can facilitate single-
step multi-scale patterning that will revolutionize the nanofabrication industry.
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Appendix A
In-situ SEM Data
A CD-ROM containing a movie presentation of some of the major results of the
work contained in this thesis is included in the back cover of this volume. The movie
shows the temperature and time dependent growth of self-assembled Au nanoclusters
in Si during in-situ heating in a SEM. The large original version has been edited and
compressed into the AVI movie format. The edited version of the movie is of 240s
duration. The first 120s shows the morphology of the as-implanted surface as a
function of annealing temperature (550-650o C) and the rest of the movie shows the
spontaneous formation of self-assembled Au nanoclusters at 650o C.
The movie file (AuSiMovie.avi) included on the CD-ROM, is 280 megabytes. Also
included are viewers for Microsoft Windows computers. The capture has been
optimised for smooth playback on a fast 486 or better computer using a 4x CDROM.
It should not be necessary to copy the file from the CD-ROM onto the hard disk of
the computer.
Viewing Instructions
Most systems will be able to view the movie by simply double clicking on the file
(AuSiMovie.avi) icon. However if a suitable viewer has not been installed, please
proceed to the Installation Instructions that follow.
For users of Windows 2000 or XP, Windows Media Player Classic 6.4.9 is included
in the CD-ROM. Double clicking on this file (“mplayerc”) will open the player,
which is self explanatory. Users of other operating systems are advised to consult
their systems administrators for further instructions on an appropriate viewer.
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Appendix B
Graphical Simulation of the Ring Formation
Figure B.1 shows a qualitative graphical simulation of the ring formation generated
by a simple computer program written in Microsoft Quickbasic. Each part of the
figure shows the size of the particles in the ring with radius corresponding to the
number below.
Figure B.1: Time history of annealing of a uniform particle distribution with a single
larger particle at the origin. Downward arrows on the particle symbol indicate
growth, and upward arrows indicate dissolution.
The initial configuration is shown in (a), with particles of uniform size in all
positions except 0, where there is a larger particle. The baseline of each diagram
shows the solute concentration that is in equilibrium with an infinitely large particle
and the broken line towards the top shows the concentration that is in equilibrium
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with all particles except the one at the origin. The curves joining the particles show
the solute concentration, as given by equation (3). In panel (b), representing the
situation after a small annealing time, particle 0 has grown at the expense of particle
1, and particle 2 has also grown at its expense and, to a smaller extent, at the expense
of particle 3. The small arrows show the direction of motion of the particle size and
solute concentration in each case. After a further time, as represented in (c), particle
1 has almost vanished and the concentration gradient near particles 0 and 2 has
consequently increased significantly. After a longer time, as shown in (d), particle 1
has disappeared but particle 2 is relatively stable, since the concentration gradient
towards particle 0 is now less than that from particle 3. After a further annealing
time, particle 3 will be consumed by particles 2 and 4 and there will be a ring of
radius 2 surrounded by a space at radius 3. After a much longer time, particle 2 will
be consumed and particles 5 and 7 are being consumed, so that there are rings at
radial distances 0, 4 and 6. This is, however, not a stable situation, and the ring
structure will gradually extend to greater radial distances with the inner rings being
consumed one after the other by the central particle.
